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A b s t r a c t
The th e o ry  o f s o lid -p h a s e  s in te r in g  and i t s  e xp e rim e n ta l 
in v e s t ig a t io n  are re v ie w e d . U ran ium -p lu ton iu rn  c a r b o n it r id e  
powders were p repared by c a rb o th e rm ic  re d u c tio n  and t h e i r  
s in te r in g  k in e t ic s  s tu d ie d  by d i la to m e try  us ing  a c o n s ta n t-  
r a te - o f - h e a t in g  and Dorn method. The in f lu e n c e  o f a p re - 
s in te r in g  hydrogen tre a tm e n t was in v e s t ig a te d .  The d i f f e r ­
ence in  the  ap pa ren t a c t iv a t io n  energy o f  s in te r in g  d e te r ­
mined by the  two methods and the  change in  k in e t ic s  caused 
by the  hydrogen tre a tm e n t are e x p la in e d  w ith  re fe re n c e  to  
the  d i f f u s io n  c h a r a c te r is t ic s  o f c a r b o n i t r id e s .
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Chapter 1
Review o f Theories o f Sintering
1.1. Introduction
Modern work on s in te ring  has been reviewed by Coble and Burke in 1963 /1 /
and ThUmmler and Thomma in 1967 /2 / ,  the la t te r  being a p a rtic u la r ly
comprehensive survey which considers not only mechanisms and models fo r
so lid  phase s in te ring  but also the influence o f process and material
variables on practica l s in te ring . Ashby /3 / and Wilson and Shewmon /4 /*
discuss s in te ring  models. The most recent survey o f theories o f s in te ring  
is  contained in H.E. Exner’ s ‘ H a b ilita t io n s s c h r ift1 /5 /  published in  1976. 
This review w il l  be re s tr ic te d  to so lid  state s in te ring  w ithout the 
application o f external pressure, w ith a p a rticu la r emphasis upon the 
in i t ia l  stages.
Sintering is  defined by ThUmmler and Thomma /2 / as "the heat treatment 
o f a system o f ind ividual pa rtic les  or o f a porous body, w ith or w ithout 
the application o f external pressure, in which some or a ll o f the properties 
o f the system are charged w ith the reduction o f the free enthalpy in the 
d irec tion  o f those o f the poros ity-free  system. In th is  connection a t least 
enough so lid  phases remain to  ensure shape s ta b il i ty " .  The complexity o f 
th is  d e fin it io n  il lu s tra te s  the complexity of the phenomenon i t s e l f .
The d riv ing  force fo r  s in te ring  is  supplied by the surface energy. As a 
system s in te rs-the  to ta l surface area always reduces so tha t the free 
energy o f the system is  reduced. I f  E is  the free energy o f a system and 
A the to ta l surface area then:
I f  at a point on a curved surface with princ ipa l ra d ii o f curvature 
and a volume element dV is  removed or replaced then i t  can be shown
dE = YdA d . D
tha t /5 /
( 1 .2 )
the quantity dE/dV is  equivalent to a stress so tha t 1.2 can be rew ritten :
(1.3)
thus under concave surfaces a tens ile  stress, under convex surfaces a 
compressive stress ex is ts . This results  in  a chemical potentia l p 
d ire c tly  beneath the surface givenby:
where p0 is  the chemical potentia l under a f la t  surface. Hence there w il l  
be a chemical potentia l gradient between concave and convex parts o f a 
surface so tha t material transport w il l  take place between the two.
The s in te ring  of a. powder compact is  usually divided in to  several stages, 
ty p if ie d  by d iffe re n t structures. ThUmmler and Thomma /2 / define three 
stages:
1) In i t ia l  stage s in te ring  in which necks form and grow between the 
ind iv idua l p a rtic le s . Grain boundaries are located in most necks.
2) Intermediate stage s in te ring , where neck growth has proceeded beyond 
the stage where the particles can be considered separately. A con­
tinuous network of tubular pores exists which w il l  in  general fo llow  
the boundaries where three grains meet, as th is  is  a minimum energy 
configuration. Generally pore coalescence occurs simultaneously w ith 
grain growth so tha t thus s tructu ra l configuration is  preserved.
3) Third stage s in te rin g , where the amount o f isolated porosity s ta rts  
to  increase. This occurs in nearly a l l  material s /2 / a t around 92 % 
o f theoretica l density.
M =  M o  -crS i • =  +  — - )* a *o2
(1.4)
Ashby /3 /  adds an extra stage, stage 0, in  which a small neck is  formed on 
the in i t ia l  contact o f the partic les  due to interatom ic forces. This takes 
place p ra c tica lly  instantaneously.
1.2. In i t ia l  S intering
There are a number o f mechanisms which could be responsible fo r  the 
s in te ring  process, the re la tive  importance o f which depends upon the 
properties o f the material and the s in te ring  conditions. They are:
1) Evaporation - condensation: material evaporating from the p a rtic le  
surface condenses in the region o f in te rp a rtic u la r contact
2) Viscous flow
3) P lastic  flow
4) D iffusion mechanisms, which can be fu rth e r c la ss ifie d  fo llow ing /3 / ,  
according to the type o f d iffu s io n  and the source o f the material 
(the sink being in every case the in te rp a rtic le  neck surface)
a) surface d iffus ion  from surface
b) la t t ic e  or volume d iffu s io n  from surface
c) grain boundary d iffu s ion  from in te rp a rtic le  grain boundary
d) la t t ic e  d iffus ion  from grain boundary
e) la t t ic e  d iffu s ion  from dislocations
I t  is  important th a t, among the d iffu s io n  mechanisms only those (c and d) 
which involve removal o f material from the in te rp a rtic le  grain boundary 
can cause the p a rtic le  centres to approach one another, resu lting  in 
dens ifica tion .
The models discussed in  th is  section are derived by considering two 
partic les  (usually spheres) in  contact (Fig. 1). The rate o f growth 
o f the neck and the rate o f approach o f the centres o f the pa rtic les  are 
determined fo r  the mechanism considered. The approach o f p a rtic le  centres 
re la tive  to th e ir  o rig in a l separation is  usually taken to be equivalent 
to the frac tion a l shrinkage o f a compact o f these p a rtic le s . This
is  true fo r  a regular array o f regular p a rtic le s . However, recent work 
by Exner /5 , 6, 7/ has shown tha t th is  is  not always the case in irre g u la r 
compacts
1.2.1. Evaporation - Condensation Mechanism
This mechanism, although in practice ra re ly  found to contribute s ig n i f i ­
cantly to s in te ring , is  a good il lu s t ra t io n  o f the way in which rate 
equations can be derived fo r  the tw o-partic le  model, as i t  is  f a i r ly  
s tra ig h t forward to analyse. Referring to Fig. 1, the sharp concave 
curvature, radius p, o f the neck surface resu lts  in  a decrease in the 
chemical potentia l there according to equ. 1.4. This results in  a corres­
ponding decrease in vapour pressure over the neck surface given by:
p - p0 = RT In P/P0
(P is  the vapour pressure, P0 the vapour pressure over a f la t  surface) 
so tha t:
RT ln  f c  = ^  (p (1.5)
(Kelvin equation)
which fo r  P-PQ^  PQ and x & p 9 s im p lifie s  to :
* n po 
= d f"R T
The rate o f condensation per u n it area o f neck surface is  proportional to 
th is  pressure d ifference and is  given by the Langmuir equation:
1/2
m = ft A  p (~ ~ -.fr) kg n f2 s~1 (1.7)
( Oc = accomodation coe ff. £S1)
and the to ta l volume rate o f transfe r
dV _ mA
’3t ~ T " (1.8)
where A is  the neck surface area.
Fig. 1: Two P a rtic le  Model
To form an equation fo r  the rate o f neck growth i t  is  necessary to know 
the geometric re la tions between neck volume, neck width and neck surface 
area. As the exact expressions are unwieldy the fo llow ing approximations 
are generally used* which are va lid  so long as x »  r :
-rr ? -J7*
(1-9) a = 2T F -  (1<10) V =  2r (1- 11)
Combining equations 1.6 to 1.11 we obtain:
dx _ 2trKaPo r  ( X I  ^ /2 ( 1 ^
dt “ TdTWY~ {UU)
1/2
which integrates to :
x3 = 2i r K / lp 0 f m  ^ ^
r  3 d2 RT RT' z
The s im p lifica tio n s  involved in  th is  derivation are a l l  o f a geometric 
nature and such tha t the greater the neck growth the less accurate equation 
1.13 becomes. Apart from th is  there is  l i t t l e  to be brought against th is  
treatment.
The growth law has been v e r ifie d  fo r  spheres o f NaCl /8 /  and ZnO /9 / ,  but 
the vapour pressure o f most materials is  too low fo r  th is  mechanism to  be 
s ig n ific a n t /4 / .
1.2.2. Viscous and P lastic  Flow
Frenkel, in  one o f the e a r lie r  theories o f s in te ring  /1 0 /, proposed tha t 
s in te ring  occurs by the Newtonian viscous flow of the material in  the neck 
region under the forces o f surface tension, the e ffec tive  v isco s ity , > 
being given by
He arrived a t a neck growth law o f:
x2 = (1.15)
I
This law has been found by many investigators (e.g. /1 1 /) to be true fo r  
glass spheres. However, in view o f modern understanding o f the p la s tic  
flow o f c ry s ta llin e  m ateria ls, i t  must be re s tr ic te d  to th is  case.
However, c rys ta llin e  materials a t high temperatures do not behave as 
Newtonian f lu id s , so tha t the so lid  state s in te ring  of metals and 
ceromus cannot be explained by Frenkefs model.
On the other hand p la s tic  flow ( i . e .  involving the movement o f d is locations) 
is  a feasib le  mechanism in  c ry s ta llin e  materials which has been the subject ' 
o f a lengthy controversy. Proponents o f the theory point out th a t, in  the 
e a rlie s t stages of neck growth, the stresses in  the neck should grea tly  
exceed the y ie ld  stress o f the m ateria l. On the other hand investigations 
involving hot stage electron microscopy performed by Easterling and Tholen 
/59, 152/ fa ile d  to produce any evidence o f d is location movement even a t 
the smallest neck widths. With the aid o f a more thorough analyses o f the 
stress d is tr ib u tio n  in the neck region they show tha t the necessary shear 
stress fo r  generating d islocations is  not in  fa c t reached.
1.2.31. D iffusion Mechanisms
D iffus ion-con tro lled  s in te ring  models have been fo r  most materials the 
most successful in  explaining experimental observations. They are, how­
ever, the most d i f f ic u l t  to formulate due to the large selection o f material 
sources and sinks and d iffu s io n  paths. The very l ik e ly  p o s s ib ility  o f the 
simultaneous operation and mutual in te rac tion  o f several d iffu s io n  mecha­
nisms increases the d i f f ic u l t y  - i t  is  advisable f i r s t  to consider the 
various mechanisms, lis te d  in Section 1 .2.1, separately.
Surface d iffu s ion  from free p a rtic le  surface
Kuczynski /1 2/ f i r s t  derived the rate equation fo r  th is  mechanism using 
the two-sphere model. He assumed a concentration gradient o f adsorbed atoms 
on the surface o f the neck of ^ N ^ / P ,  where N is  the d ifference in 
equilibrium  concentration between the neck and the rest o f the p a rtic le  
surface. He obtained, fo llow ing a s im ila r method as has been described fo r  
the evaporation-coridensation mechanism (Section 1 ,2 .2 .2 ):
(a) Kuczynski
(b) Cabrera
O
— = N = equilibrium  concentration
-  = n = actual concentration
NtP)
N (oq)
r
y'^n-N(c0)=JLyg?N(o») eicpti/ijj 
h T P
-V zjjQ o
(c) Schwed
x
*
NIP)
-'SiTfO
(d) Rockland
N(oo)
, !I2 -L.
•  ^  ^ Y lf-N fo o )  g  ~ N ( P )  ( i - e ^ ) e  ^
o
N(oo)
O
Fig. 2: Concentration o f adsorbed atoms as a function o f position on
p a rtic le  surface fo r  surface d iffu s ion  models
Cabrera /1 3/ approached the problem d if fe re n tly . Whereas Kuczynski simply 
assumes a lin e a r concentration gradient, which is  not influenced by 
d iffu s io n  towards the neck, in Cobrera's model the process o f re-estab lish  
ment o f equilibrium  concentrations is  considered to be ra te -co n tro llin g  
(in  Kuczynski's model th is  is  ta c it ly  assumed to be a much fa s te r process 
than d iffu s io n ). The respective surface concentration gradients fo r  the 
two models are shown in Fig. 2(a) and 2(b), where 1 is  the distance from 
the centre o f the rieck surface. By considering the resu lting  f lu x  at 
1 = y TT#> (approximately the point o f in f le c tio n  o f the neck surface), 
Cabrera obtains fo r  the neck growth:
X5 = At (1.17)
(A = £560 y 'a 06/kT r 2J  DfiN ( o o ) )
However, Cabrera only considered d iffu s ion  over the convex part o f the 
surface (1 >  -^ rrP ) . Consideration of Fig. 2(b) shows tha t there is  no 
concentration gradient to d is tr ib u te  material over the concave part o f the 
surface.
Schwed / I 4 / corrected th is  e rro r by considering the concave part o f the 
surface and arrived a t the equation:
x3 = A t  (1.18)
He also considered the case where re laxation e ffects  are not rate co n tro l1
ing. This depends upon the value o f y~, the mean distance between sources
1and sinks fo r  adsorbed atoms. I f  ys &  ^ en re laxation e ffec ts  are
rate co n tro lling  and equ. 1.18 applies. I f  y g ^ - ^ P  then equilibrium  
concentrations prevail (see Fig. 2 (c )). In th is  case Schwed found th a t:
x5 = At (1.19)
1
Rockland /1 0/ more recently showed tha t ys #( , a t least on the 
concave part o f the surface, because the curvature requires a large number 
o f steps on the surface o f a c ry s ta llin e  m ateria l, which w i l l  act as
sources and sinks. He does not, however, agree with equation 1.19, but 
considers 1.17 to be nearer the tru th . His derivation is  based upon the 
argument tha t to avoid the formation o f a groove in the surface o f the 
neck (which would mean an increase in surface energy), the area from which 
material is  removed must be a t least as great as tha t over which is  is  
deposited. The time exponent results from the dependence o f dx/dt onP , 
in Rockland's case dx/dt being proportional to Z^3, th is  is  because:
a) i^ n  is  proportional to /p  from Thomson's equation;
b) the surface area over which material is  deposited is  proportional to $ \
c) the mean distance over which material is  transported is  proportional
rate co n tro llin g . In Cabrera's model the f lu x  depends again on n and
in the time exponent fo r  the three models.
Volume d iffus ion  from free p a rtic le  surface
Kuczynski /1 2/ derives an expression fo r  neck growth by th is  mechanism 
using s im ila r assumptions to th is  model fo r  surface d iffu s io n . Again a 
vacency concentration gradient o f &  c/C is  assumed. The s ig n if ic a n t 
d ifference is  tha t the cross-sectional area availab le fo r  the d iffu s io n  
f lu x  is  taken as being equal to the neck surface area, and therefore in ­
creases proportional to C • Hence a fu rth e r fa c to r o f x2 appears in  the 
expression fo r  the rate o f neck growth g iv ing:
to C
In Schwed's model, fo r  y c<CTfC the fac to r /£> resu lting  from (c) is  lo s t,
1and fo r  ys^-TT6 the /C resu lting  from (a) is  lo s t ,  as A  n is  no longer
i,
the fac to r / f  re-appears. S ince po cx2 th is  accounts fo r  the differences
(1 .20 )
and x5
40K/2. Dv r 2
(1 .2 1 )
kT
These resu lts  have not been c r it ic is e d  by more recent authors, although 
s im ila r objections to those leve lled  a t the various surface d iffu s io n  models 
must apply.
Volume d iffu s io n  from the grain boundary
The a v a ila b il ity  o f the grain boundary in the neck between pa rtic les  as a 
source o f material to f i l l  the in te rp a rtic le  gap was not considered by 
e a r lie r  authors, although only mechanisms involving th is  source can resu lt 
in  the approach o f p a rtic le  centres and thus the densifica tion  o f a com­
pact. As densifica tion  is  usually observed (and desired), th is  is  an im­
portant mechanism, which has received deta iled treatment.
The d i f f ic u l t y  in  formulating a model fo r  such a mechanism was in  defin ing 
the d iffu s io n  flux,. In the simplest so lu tion /16/ the f lu x  is  taken to 
be proportional to ^  C, the d ifference in vacancy concentration between 
the centre o f the neck and d ire c tly  beneath the neck surface. The concen­
tra tio n  in  the centre o f the neck is  assumed to be tha t under a free  f la t  
surface so the Kelvin equation (1.19) can be used fo r  A  C. The d iffu s io n  
f lu x  is  approximated by the solution fo r  rad ia l heat flow from the centre 
to the surface o f an e le c tr ic a lly  heated cy linde r, whose length is  equal 
to the width o f the neck, taken a s p , and whose radius is  the radius of 
the neck, x:
J = ATT D 'A C p  vacancies/sec (1.22)
The volume flow  o f material is :
J a03 = 4TT D 'Z \C  ac3 e = dV/dt (1.23)
Geometrically, fo r  the case where material is  removed from between two 
spheres the fo llow ing approximations are used:
dV _ TT x3 dx M
i t  ’  "7F” i t
p  -  x2/4 r  (1.25)
therefore, substitu ting  in  equ. (1.23) fo r  .AC w ith equ. (1.19) and 
re la ting  the vacancy d iffu s io n  c o e ffic ie n t to  the volume d iffu s io n  co­
e f f ic ie n t  by DvC0a03 = D' we have with equations 1.24 and 1.25:
-dx
cTE
8 Dv / a Q3 r
(1.26)FT
In tegrating: x4
32 Dv y “ao r t
(1.27)kT
The assumption that the vacancy concentration in the centre o f the neck 
approximates tha t under a free f la t  surface is ,  however, not va lid  /2 , 17/ 
and that the concentration varies lin e a r ly  between the centre and surface 
o f the neck is  also an ove rs im p lifica tion .B errin  and Johnson /18 / and 
Johnson /1 9/ derive models which consider chemical potentia l gradients 
rather than vacancy concentration gradients as d riv ing  forces fo r  the 
d iffu s io n  f lu x . This has the advantage o f being va lid  where the a c t iv ity  
co e ffic ie n t o f vacancies is  not un ity  and tha t the chemical potentia l 
va ria tion  can be more easily  determined by considering the va ria tion  o f 
stress w ith position in the nack /20 /.
The f lu x  of atoms in the neck is  thus described by
assuming, as previously tha t a quasi-steady state e x is ts , i .e .  tha t the 
vacancy concentration a t any point is  determined by the local stress. This 
requires tha t the creation and ann ih ila tion  o f vacancies is  a fa s t process 
compared w ith d iffu s io n , then 7  Pv is  zero and the f lu x  is  given by
J = -BaCaV(Ma - Mv) (1.28)
J = -BaCa ^  pa (1.29)
The chemical potentia l pa is  related to the stress by
a
V P a = 7 V  = *0'Vcr
i f  a 3 is  assumed independent o f stress and as Ca = 1/a 3 then
0 = -Ba V<r (1.30)
I f  there is  no p la s tic  deformation, and no void formation a t the grain 
boundary, then the vacancy a n n ih ila t io n  rate must be uniform over the 
whole grain boundary. Therefore V  J is  constant and thus ^ 2p is  constant 
hence
W  = K 
o r, fo r  c y lin d r ica l coordinates R, 0,
*  = K t 1-31?
A  zfT  /I t  being ta c it ly  assumed in /1 3/ tha t ■re.- jp = 0 (va lid  i f  the neck is
A 2 /Tc y lin d r ic a lly  symmetrical) and ~ 0-
Equation 1.31 is  solved by taking cr =  Y (1/x -  1/?) a t R =  x and by 
equating the in tegra l o f or  over the cross-sectional area o f the neck to
2irx  cosC* . Thus the model takes the sophistication o f a grain boundary
groove angle of Cfc in to  account. In /18/ the in tegra l o f a* is  erroneously 
equated to zero /1 9 /. This gives an expression fo r  the to ta l f lu x  a rriv in g  
a t the neck surface (Ba = Dv/kT)
,i _ 4 VDvA ( x - p  cos« ) n  ?o\
. " ----------i m F f --------------
The f lu x  is  read ily  related to the rate o f in terpenetration o f pa rtic les  
by:
i -  TTx2 d 6
J “ "T"3* lt“ o
where 6  is  the distance o f in terpenetration. Thus giving 
,2 d6 _ 4 V dvA  (x  - p cos Ol )c ^ --------------- ------R1- (1.33)X‘
This is  quite a general equation fo r  s in te ring  by volume d iffu s io n  as no 
assumptions have been yet made about p a rtic le  shape, except tha t the neck 
cross-section is  c irc u la r. However, i t s  a p p lic a b ility  in  practice is  
lim ited  to model experiments where x , p , 6 and (k can be measured. To apply 
i t  to real powder compacts i t  is  necessary to make assumptions concerning 
the p a rtic le  shape, as previously. I f  one makes the same geometrical
assumptions as Coble ( i .e .  spherical p a rtic le s , c irc u la r  neck surface 
tangential to the sphere surface) one obtains:
fo r  the shrinkage and
To obtain 1.34 and 1.35 the approximate geometric re la tionships re la ting  
P and A to x (1.24 and 1.25), have not been used but the more exact 
re lationships published in /1 7 /. However, since the geometry to which 
they re fe r (the neck surface being tangential to the sphere surface, as 
in Fig. 1) is  impossible in practice due to the d iscon tinu ity  in  chemical 
potentia l a t the point o f tangency, the advantage o f using these re la tio n ­
ships must be considered minimal.
The s im ila r ity  o f equations 1.35 and 1.27 is  notable, the d ifference in  the
time exponents resu lting  from the d iffe re n t geometric re la tionships used.
Despite the more sophisticated approach the only d ifference is  in  the 
numerical constant.
Grain boundary d iffu s io n  from the grain boundary
As with volume d iffus io n  from the grain boundary th is  mechanism is  important
as i t  causes shrinkage. An essential assumption in a l l  derivations is  tha t 
material brought to the neck surface along the grain boundary can be 
d is tribu ted  by surface d iffu s io n  more rap id ly  than i t  a rrives.
Coble /16 / derives a model in  the same way as fo r  volume d iffu s io n . The 
only d ifference is  tha t in  equation 1.23 the width o f the neck (assumed to 
be equal to p) is  replaced by the grain boundary w idth, which is  taken as 
5 aQ, i .e .  f iv e  atomic diameters, g iv ing :
4 1  _ _ ,5 .34K flD v i 0,441 -  y ~ \ |,T y 3 / t 0.49 (1.34)
w  “  4 ^  Db‘^ c a°4 (1.36)
The f in a l equation fo r  neck growth is :
x6 FT (1.37)
and fo r  shrinkage y3 (1.38)
The exponents y and x d if fe r  from those fo r  volume d iffu s io n  because the 
cross-sectional area fo r  grain boundary d iffu s io n  does not change during 
the course of s in te ring .
The equations o f Johnson fo r  the d iffu s io n  f lu x  can also be applied to 
grain boundary d iffu s io n  simply by substitu ting  a fixed value o f A in 
equation (1.32), corresponding to the grain boundary w idth, and o f course 
substitu ting  fo r Dv . The resu lting  equations are:
1*2*4. Simultaneously Operating Mechanisms
A ll the s in te ring  models so fa r  described are derived assuming tha t a s ingle 
mechanism operates. C learly a l l  feasib le  mechanisms w il l  operate simultane­
ously - only in  the case where one mechanism is  very much fa s te r can the 
others be ignored. The grain boundary d iffu s io n  mechanism can in  fa c t only 
operate in conjunction w ith volume or surface d iffu s ion  to d is tr ib u te  the 
material from the grain boundary about the neck surface.
This point is  considered by Gessinger /21/  who points out th a t, in  order to 
d is tr ib u te  by surface d iffu s io n  the material a rriv in g  a t the neck by grain 
boundary d iffu s io n , a geometry as shown in Fig. 3a is  necessary w ith a 
reduction in curvature from A to  B. At B, however, the sign o f the curvature 
has to change, which allows surface d iffu s io n  from the fre e , convex p a rtic le
6 . 22 114 Y a03 t> Db r 2t  fo r  neck growth (1.39)x kT
2.14 Y a»3 b Db
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surface towards B. As the two fluxes , from the grain boundary and the free
surface continously tend to remove th e ir  d riv ing  force they w il l  decrease,
possibly becoming ra te -co n tro llin g  fo r  shrinkage (by grain boundary 
d iffu s io n ).
A lte rn a tive ly , as in Fig. 3b, volume d iffu s io n  may d is tr ib u te  material from 
the grain boundary, thus making volume d iffu s io n  ra te -co n tro llin g  i f  Dv is  
low. Johnson /22 / shows tha t the re la tive  importance o f volume and surface
d iffu s io n  is  approximately given by
Jv Av Dv
= 4 x a o - ^ p  U . 41)
and i f  Vvp &  i t  is  c lear tha t the dominant mechanism fo r  d is tr ib u ­
tio n  w il l  depend on the ra tio  o f the volume and surface d iffu s io n  coe ffic ien ts
(which w il l  be temperature dependent), the p a rtic le  size and the amount o f 
shrinkage. I f ,  as usually observed, Qs <  Qv then lower temperature, smaller 
pa rtic les  and lower shrinkages favour surface d iffu s io n .
The important point here is  th a t, under certa in  conditions, although sur­
face d iffus ion  alone cannot cause de ns ifica tion , i t  may be ra te -co n tro llin g .
Simultaneous volume and grain boundary d iffu s ion  from the grain boundary 
is  stra ightforward to analyse. In general, expressions fo r  the rate o f 
neck growth by various mechanisms can be combined a d d itive ly . D if f ic u lt ie s  
a rise , however, in  formulating integrated expression fo r  shrinkage by 
several mechanisms, as only some o f the mechanisms can cause shrinkage (the 
rates o f shrinkage w i l l ,  however, be affected by neck growth caused by 
other mechanisms). Even where combination is  re la tiv e ly  easy, the resu lting  
expressions are unwieldy: Johnson, fo r  example /1 9 /, combines his ex­
pressions fo r  the rate o f shrinkage by volume and grain boundary d iffu s io n  
to give:
dy 2.63 K a 0 Dv , 0.7 Y aQ3 b Dh
(TC "  - T c T r H T —  kT r 4 y2
The re su lt o f in tegra ting  th is  expression is :
n ? T F  - + m (KDvy + K'Db) + C = t  (1.42)
('Dv f  0)
where K, K' contain the constants a0 etc.
This re su lt is  c lea rly  o f l i t t l e  use in analysing experimental data.
Useful analyses o f the re la tive  importance o f simultaneously operating 
mechanisms can therefore only be achieved by the use o f numerical methods. 
Here Ashby /3 / has made a considerable contribution by the development o f 
"s in te ring  diagrams" which constructed w ith the aid o f rate expressions 
such as those discussed in th is  chapter, and material constants (such as 
d iffu s io n  co e ffic ie n ts , vapour pressures e tc .)  show the dominant s in te ring  
mechanisms under p a rticu la r conditions.
Fig. 4 shows a hypothetical diagram fo r  the purpose o f i l lu s t ra t io n .  The 
ordinate o f the diagram is  the logarithm o f the ra tio  o f in te rp a r t ic le  neck 
radius to o rig ina l p a rtic le  radius and the abcissa is  temperature or tempe­
rature/m elting po in t. The diagram is  divided in to  f ie ld s  characterised by 
the dominant mechanism, i .e .  tha t mechanism which, in  the range o f tempera­
ture and neck growth represented by the f ie ld ,  gives the fas tes t neck growth. 
The boundaries between the f ie ld s  represent the conditions when two 
mechanisms are equally e ffe c tive . Upon the f ie ld s  are drawn contours o f 
constant s in te ring  rate or o f constant s in te ring  time.
In order to construct the diagrams i t  is  necessary to have a set o f ex­
pressions fo r  the rate o f neck growth as a function o f neck s ize , o rig in a l 
p a rtic le  s ize , temperature and measurable or estimable physical constants 
o f the material fo r  a l l  the mechanisms considered. Any conceivable mechanism 
may be included so long as such a rate expression can be constructed. Ashby 
considers surface d iffu s io n , vapour transport, grain boundary and volume 
d iffu s io n  from the grain boundary and volume d iffu s io n  from the surface. 
In i t ia l  and la te r  stage s in te ring  are considered.
I t  is  then necessary to determine which mechanism is  the fas tes t fo r  a given
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neck growth-temperature combination. Boundaries between f ie ld s  are 
determined by equating the rates fo r  two mechanisms and solving the re s u lt­
ing equation. Lines o f constant growth rate are determined by summing the 
growth rates fo r  the various mechanisms (the d iffe re n t expressions fo r  
in i t ia l  and la te r  stage s in te ring  being considered as a lte rna tive s , the 
fas te r rate being included in the sum). Isochronal lines are determined 
by in tegra ting  th is  sum with respect to  time.
The diagrams are c lea rly  only as precise as the growth rate expressions 
and the available data allow. This applies p a rtic u la r ly  to the constant 
rate contours - the f ie ld  boundaries are less sensitive to errors as these 
frequently apply to  a l l  mechanisms equally. The use o f neck growth as a 
parameter fo r  the degree o f s in te ring  lim its  the practica l app lica tion  o f 
the diagrams; furthermore, the concept o f "neck size" in  the la te r  stages 
o f s in te ring  is  rather vague. However, since the degree o f shrinkage cannot 
be considered as parameter which represents the d riv ing  force fo r  s in te ring  
(the neck growth is  closely related to the degree o f surface curvature in 
pore spaces), th is  is  unavoidable. Another discrepancy is  the fa ilu re  to 
account fo r  the e ffects o f grain growth in the la te r  stages o f s in te rin g .
Notwithstanding these c r it ic is m s , the great value o f Ashby's work lie s  in 
the demonstration tha t the dominant mechanism o f s in te ring  is  not a con­
stant fo r  a p a rticu la r material but can vary w ith p a rtic le  s ize , temperature 
and degree o f s in te ring .
A diagram constructed by the author fo r UC using the d iffu s ion  data re­
commended by Routbort /23 / is  shown in Fig. 5. I t  shows th a t, a t tem­
peratures over 1400 °C an in i t ia l  dominance o f surface d iffu s io n  gives 
way rap id ly  to grain boundary d iffu s io n  (a t a neck radius o f << x/10). 
Volume d iffu s io n  does not appear at a l l  on the diagram.
1.2.5. Lim itations o f the tw o-partic le  model
As mentioned a t the beginning o f section 1.2 the equations obtained fo r  the 
s in te ring  o f two pa rtic les  can s t r ic t ly  only be extended to the shrinkage 
behaviour o f p a rtic le  compacts i f  they are pe rfectly  regular. In practice 
i t  has been observed /5 , 6, 7/ tha t in  many cases not a ll the pa rtic les  in  
a compact s ta r t s in te ring  simultaneously. Many in te rp a rtic le  compacts w i l l  
f i r s t  fohm a fte r  e. certa in  amount o f shrinkage has occured. Moreover the 
authors show tha t, in  arrangements o f three p a rtic le s , interference between 
the two necks has been shown to cause a change in the angle formed by the 
lines jo in ing  p a rtic le  centres. S im ilar e ffects  in  compacts cause random re­
arrangements o f the p a rtic le  structu re . Unfortunately the influence of 
heterogeneous nucleation and p a rtic le  re-arrangement on compact shrinkage 
nas not ye t been quantified.
In defence of the two p a rtic le  model i t  must be pointed out tha t in  many 
cases (quoted in  1.2.1-1.2.4) actual compacts obey i ts  pred ictions. I t  must 
be assumed th a t, a t least in these cases, tha t the mean behaviour o f in ­
te rp a rtic le  contacts corresponds to tha t o f the ideal case o f two p a rtic le s .
1.3. Intermediate and Final Stage Sintering
The in i t ia l  stage o f ^u ite ring  is  considered to end when s u ff ic ie n t neck 
growth has occurred to^grain growth, although many o f the in i t ia l  stage 
models break down before th is  point is  reached because the geometric 
approximations used are only va lid  fo r  x<$Cr. The intermediate stage lasts  
so long as the m ajority o f the porosity is  interconnected, tha t is  to say, 
u n til about 90 % o f theore tica l density is  reached.
In contrast to the in i t ia l  stage only two mechanisms are feas ib le : volume 
d iffu s ion  o f material from the grain boundaries to the pores, and grain 
boundary d iffu s io n  between the same source and sink. Surface d iffu s io n  only 
plays a ro le  insofar as the d is tr ib u tio n  o f material a rriv in g  a t the pore 
by grain boundary d iffus ion  is  concerned. I t  w il l  also help maintain a low- 
energy pore cross-section.
The f i r s t  model fo r  intermediate stage s in te ring  is  due to Coble /2 4 /. He 
considers an idealised geometry consisting o f equal-sized tetrakaidecahedral 
grains w ith a continuous cy lin d rica l pore o f constant cross-section ly ing  on 
the grain edges. He then proceeds in a s im ila r manner as fo r  in i t ia l  stage 
s in te ring , using the expression fo r  heat flow in an e lec trica lly -hea ted  
cylinder to represent the volume d iffus ion  f lu x . This time the cy linder has 
a length equal to the pore diameter, 2 6 (the symbol 6  being taken due to i ts  
analogous ro le  with the neck surface curvature), and the cross-section is ,  
o f course, hexagonal or square rather than c irc u la r.
Since the pore volume per grain can be expressed exactly in  terms o f the 
grain edge size 1 and the pore radius an equation fo r  the rate o f decrease 
o f porosity , P, is  read ily  atta ined:
dP _ 107f Dv Y a*3 f a /,o\
d t “  " kT I 3
To account fo r  grain growth Coble makes use o f the equation
G3 - G03 = At (1.44)
where G is  the grain diameter (equivalent spherical diameter) and Go the
grain size a t t  = 0. This is  an empirical equation which is  often observed
fo r  porous bodies /20, 25, 26, 27/ and has also been derived th e o re tic a lly . 
Taking I 3 = 0.0463 G3 and assuming G » G 0 equation 1.44 can be substituted
in to  1.43 and thus integrated to give:
P = Po -  m ( t / to )  (1.45)
The predicted decrease in porosity w ith the logarithm o f time is  so
frequently observed in  practice tha t i t  is  sometimes referred to as the 
"logarithm ic shrinkage law". The derivation has been c r it ic is e d  (e.g.
/28 /) on the grounds tha t the grain size cannot be zero a t t  = t 0, as 
results  from the s im p lif ic a tio n  o f the grain growth law. However, so long 
as the grain size at t  = t D is  re a lly  small compared w ith 6 ( t )  there is  
no reason not to introduce th is  s im p lif ica tio n . I f  th is  conditions is  not 
f u l f i l le d  then equation 1.45 simply becomes:
p . p.  .
where t ‘ = G0/A0.
A fu rth e r c r it ic is m  /29 / o f the choice o f the tetrakaidecahedral grain 
shape, on the grounds tha t th is  can only arise from an unstable b .c .c . 
packing o f pa rtic les  in the compact, ignores the fa c t tha t grain growth 
is  occurring during the intermediate stage, and tha t the grain shape is  
determined by the requirement fo r  a minimal in te rfa c ia l energy and not the 
in i t ia l  p a rtic le  packing.
The greatest weakness o f the Coble model is  the idealised regular pore and 
grain structure which continua lly  grows. The real s truc tu ra l development in  
a s in te ring  compact must be more complex, w ith ind iv idua l grains growing 
sporadically as pores disappear. However, the frequent corre la tion  w ith 
experimental data has encouraged i ts  use in the in te rp re ta tion  o f data.
Beere /30 / has made some refinements to the Coble model. Rather than con­
sidering cy lin d rica l pores on the grain boundaries he has calculated the 
equilibrium  pore shape on the c r ite r io n  o f minimum surface energy. He has 
also taken the vacancy concentration near the grain boundary to be:
C^  = C0 exp (-  L Y  a03 sin /ART) (1.47)
where L (= 2 TT x) is  the grain boundary (or "neck") circumference and A
2i t s  area (= TT x ). This is  in  e ffe c t saying tha t the vacancy concentration 
w il l  be a function o f the mean stress - in  fa c t the stress and therefore C^, 
w i l l  be a function o f position but i t  is  s t i l l  a be tte r approximation than
Cb = Co-
However, otherwise his approach is  very s im ila r to Coble's including the 
assumption o f the cubic grain growth law, so tha t s im ila r c ritic ism s  apply. 
His f in a l equation fo r  s in te ring  by volume d iffus ion  is :
n _ n  1/IC DvB Y  a,,3 / At + l o 3 \ / -t /io \
p -  p° 8 V 2 "  145 RTS— -  ln  H r 3— } (1 ,4 8 )
B being a geometrical constant equal to about 0.5, which is  so s im ila r to 
Coble's equation tha t one wonders i f  the extra e f fo r t  was worth i t .
Johnson /31/  has derived a model fo r  intermediate stage s in te ring  which 
he claims to be va lid  i f  a range o f pore and grain shapes and sizes are 
present. The model is  essen tia lly  a generalised form o f his in i t ia l  stage 
model, already described. The geometry is  undefined except tha t an in te r ­
connected network o f pores exists which are intersected by grain boundaries. 
The f in a l s in tering  equation is :
x dV _ 8 Y a„3 Dv Sv . 8 X a „3 b Dh
m -in —  tv  +  m—  (K49JHLv
where: H = "e ffe c tive  mean surface curvature"
x = "mean d iffu s io n  distance"
Sv = pore surface area per u n it volume
Lv = grain boundary-pore in tersection length per u n it volume
Johnson id e n tif ie s , w ithout proof, the quantity H with the average mean 
surface curvature as defined by Cahn /32/ and de Hoff /3 3 /. x is  taken to 
be equal to G/4 where G is  the mean grain diameter. The successful applica­
tion  o f the model to the s in te ring  o f cobalt oxide /34/ is  taken as ju s t i ­
f ic a tio n  o f these assumptions.
The author believes tha t the in troduction o f the concepts "e ffe c tive  mean 
surface curvature" and "mean d iffu s ion  distance" are l i t t l e  improvement 
over Coble's idealised structure which could also be seen as a "mean grain 
size and pore shape". Furthermore, by leaving the equation in  d if fe re n tia l 
form, the problem o f how to incorporate grain growth is  simply avoided.
The only real advance on Coble's model is  the incorporation o f both volume 
and grain boundary d iffu s io n .
Rosolowski and Greskovitch /20/  derive a model fo r  intermediate stage s in te r­
ing which avoids the use o f undefined parameters and also considers the 
e ffe c t o f pore coalescence due to grain growth. I t  is  based upon a ca lcu la­
tion  o f the material flow in to  (or vacancy flow  from) a single pore. In 
contrast to the models of Johnson and Coble i t  is  not required tha t the 
vacancy ann ih ila tion  rate everywhere on the grain boundary be equal, i t  
being assumed tha t the vacancy m ob ility  in the grain boundary is  fa s t 
enough to avoid the build-up o f stress. The flow is  determined from the 
vacancy concentration d is tr ib u tio n  which is  calculated by solving the 
d iffe re n tia l equation:
w ith the boundary conditions tha t the vacancy concentration near the grain
boundaries is  constant and equal to C09 and near the surface o f the pore
is  given by the Kelvin equation. This is  the three-dimensional equivalent
d Jo f solving the equation ^  = 0 which was done by Rockland w ith s im ila r 
boundary conditions fo r  surface d iffu s io n . From the so lution to (1;49) an 
expression fo r  the rate o f disappearance o f pore volume is  obtained:
where x is  the number o f pores per u n it volume and I a structure-dependent 
numerical fac to r which is  p ra c tica lly  constant. In introducing (Y/P) and 
P the use of mean s tructu ra l parameters has in  th is  model also not been
avoided, but they are be tte r defined than Johnson's.
Equation 1.51 is  integrated without assuming a p a rticu la r grain growth law,
a rriv in g  a fte r  the exchange o f some s truc tu ra l parameters a t:
d iv J 0 (1.50)
■jjr = x a03 Op-) (31 + 11.4
P Dv
(1.51)
[/wiLt J v 'av|t
t
(1.52)
where: f  = fra c tio n  o f grain edges occupied by pores
e = average number o f edges per grain
s = number of grains sharing one pore
h = grain diameter-volume fac to r
The derivation assures tha t ( X )  remains constant, i t  being argued tha t th is  
has been observed experimentally during f in a l stage s in te ring . The applica­
tio n  to the intermediate stage is ,  however, not necessarily ju s t i f ie d .  In 
th is  form the f i r s t  term in 1.52 (which concerns volume d iffu s io n  only) can 
be compared d ire c tly  w ith Coble's model, simply by substitu ting  his grain 
growth law in the in tegra l and using the appropriate values o f f  , e, s and 
h fo r  the tetrakaidecahedral s truc tu re . The re su lt is :
ln  f1 P .. 54 Dv)ci„3 1 , ( t - t 1) pin  (1 -P )~  P -  ^  ln  + Po
The only s ig n ific a n t d ifference between th is  and Coble’s equation is  the 
fa c to r 1/ , which, i f  i t  is  constant, could be concluded in  the numerical 
fa c to r. In Coble's model, however, 1/P is  porosity dependent, varying from 
a value o f around 1.6 a t P = 0.4 to 3.2 a t P = 0.9. I t  is ,  however, 
argueable whether th is  va ria tion  by a fac to r 2 is  s ig n if ic a n t.
In other respects Rosolowski and Greskovitch's model can be considered as 
a more generalised form o f Coble's equation, as both volume and grain 
boundary d iffu s io n  are taken in to  account and no p a rticu la r grain growth 
law is  assumed. However, i t  does not contribute very greatly  to  s in te ring  
theory as the important question in  intermediate stage s in te rin g , the 
in te rre la tio n  between densifica tion  and grain growth, is  s t i l l  not tackled; 
the theory predicts a certa in  densifica tion  rate fo r  a given structure but 
does not consider the development o f th is  structu re .
An a lte rna tive  approach to the intermediate and f in a l stages o f s in te ring  
which models more accurately the interdependence o f shrinkage and grain 
growth has recently been made by Kuczynski /35, 36, 37/. He considers the 
change in  pore diameter d is tr ib u tio n  by d iffu s io n  (both by vacancy an­
n ih ila tio n  a t grain boundaries and by Ostwald ripening) ) in  a system o f
c y lin d rica l or spherical pores o f randomly varying diameter. The variance 
o f the pore diameters is  assumed to be constant. The mean grain size a t 
any given time is  determined by the pore structure  and given by the Zener 
re la tio n .
Kuczynski's resu lting  s in te ring  equation is  o f the form:
= OCt (1.53)
where Pc is  the in i t ia l  porosity and n a numerical constant greater than
3/2 fo r  the intermediate stage and>  5/3 fo r  the f in a l stage, is  a
function o f the in i t ia l  structure o f the specimen (P0» to ta l pore length,
grain size) and the material constants ( K , Dv e tc .) .
Unfortunately Kuczynski applies without comment the expression:
^ 'Y S L  Dv / .
1  ^  R T U . w
fo r  the rate o f change o f pore diameter by volume d iffu s io n . However, the 
vacancy concentration gradient, which is  the d riv ing  force fo r  d iffu s io n , 
must be defendent on the pore to pore separation (c f. Johnson's model) 
but neither th is ,  nor a related parameter appears in the expression. The 
e ffe c t o f th is  ommission on the f in a l re su lt is  not known, but ce rta in ly  
casts doubts as to  its  v a lid ity .
Otherwise the approach seems very promising and may, on fu rth e r development, 
provide more ins igh t in to  the s in te ring  process.
Chapter 2 
Experimental Techniques
2.1. Powder Characterisation
For the purpose o f determining the s in te ring  behaviour o f a powder, the 
important aspects o f powder character are
a) powder p a rtic le  size and size d is tr ib u tio n
b) power p a rtic le  shape
c) in te rna l s tra in
d) surface condition
Since the main d riv ing  force fo r  s in te rin g , p a rtic u la r ly  in  materials which 
are not p la s tic a lly  deformable, results from the reduction in  surface free 
energy caused by neck growth and the e lim ination o f poros ity , i t  is  clear 
tha t the f in e r  the mean p a rtic le  size the more rap id ly  w i l l  a powder compact 
s in te r. The p a rtic le  size appears e x p lic it ly  in  a l l  the in i t ia l  s in te ring  
equations discussed in Chapter 1.
When dealing with pa rtic les  o f regular shape, spheres fo r  example, the 
p a rtic le  size is  read ily  defined in terms o f the volume surface are, or 
longest lin e a r dimension o f the p a rtic le . For pa rtic les  o f irre g u la r shape 
the d e fin it io n  is  more d i f f i c u l t ,  but a commonly used one is  the diameter 
o f a sphere of equivalent volume. However, many o f the parameters measured 
by the various techniques to be described may not be read ily  related to  the 
p a rtic le  volume and i t  may be necessary to accept another s ize-re la ted  
parameter, such as the spec ific  surface o f a powder.
In practice no powder is  encountered with a single p a rtic le  size -  a size 
d is tr ib u tio n  is  always present. The d is tr ib u tio n  plays an important ro le  
in  determining the green density o f a powder compact - a monodisperse powder 
o f spherical pa rtic les  cannot achieve a density o f higher than 70 % -  fo r  
which a perfect close-packed structure is  necessary. In practice much lower 
densities are achieved w ith monodisperse systems. A disperse system, how­
ever, allows smaller pa rtic les  to get in  the in te rs tice s  between la rger 
p a rtic le s . Model experiments by McGeary /38 / demonstrated tha t by ca re fu lly
selecting proportions o f several p a rtic le  s ize , densities up to 95 % could 
be achieved by v ib ra tiona l packing alone.
The p a rtic le  shape o f a powder consisting o f irre g u la r pa rtic les  is  d i f f i ­
c u lt  to define. For ind iv idual pa rtic les  the 'elongation* or 'flakeness' 
may be d i f f ic u l t  to determine fo r  systems o f more than a few p a rtic le s . 
P artic le  shape may be important in determining the k ine tics o f in i t ia l  
stage s in te ring  as these depend on the geometry o f contacts between p a rtic l
The ro le o f in terna l s tra in  in  s in te ring  is  not yet well investigated as i t  
is  d i f f ic u l t  to determine experimentally. With very fin e  pa rtic les  the 
d is location density may be determined by electron microscopy, and X-ray 
d iffra c tio n  lin e  broadening contains a component due to s tra in . I t  is ,  how­
ever, d i f f ic u l t  to d iffe re n tia te  from size broadening.
The e ffects o f powder surface ir re g u la r it ie s  and adsorbed surface layers 
and im purities on s in te ring  may be o f great s ign ificance. C learly any lower 
ing o f the surface energy due to adsorbed layers w i l l  cause a reduction in  
the s in te ring  ra te , and irre g u la r surfaces o f high real surface area w il l  
encourage s in te ring . Apart from the surface area, which may be determined 
by gas adsorption methods, surface factors are d i f f ic u l t  to quantify . 
Chemical analysis o f surface layers is  a complex task even on bulk samples 
and only a few techniques (e.g. auger electron spectroscopy) are capable 
o f detecting low atomic number elements, such as oxygen which might have 
very s ig n ific a n t e ffec ts .
The most common methods o f powder characterisation, in  p a rticu la r p a rtic le  
size measurement are:
optica l and electron microscopy
X-ray d iffra c tio n  lin e  broadening
spec ific  surface by gas adsorbtion
permeametry
sedimentology
sensing zone methods
sieve analysis
e lu tr ia t io n
Microscopic methods are probably the most widely applicable and, given a 
representative sample, the most accurate. Optical microscopy can measure 
sizes down to about 1 pm diameter and transmission and scanning electron 
microscopy about 0.3 nm and 0.1 pm. Modern methods o f automatic image 
analysis have greatly  increased the ease o f measuring the large number o f 
pa rtic les  which is  necessary fo r  s ta t is t ic a l ly  s ig n ific a n t re su lts . The 
greatest disadvantage is  the d i f f ic u l t y  in  preparing specimens which are 
representative o f the bulk /39-44/.
X-ray d iffra c tio n  lin e  broadening measures c ry s ta l l i te  s ize , which is  not 
necessarily the same as p a rtic le  size. Corrections fo r  'instrum enta l' lin e  
broadening must be made by reference to the d iffra c tio n  p ro file  o f a 
s im ila r sample o f large c ry s ta l l i te  s ize , there being a number o f methods 
o f achieving th is . Internal p a rtic le  s tra in  may also cause lin e  broadening 
and the e ffects  are only distinguishable by advanced techniques, using 
information from several d if fra c tio n  peaks. The upper size l im it  is  about 
0.1 /jm; fo r c ry s ta l l i te  sizes >  10 pm spot-size and spot-number on Laue 
back-re flection photographs may be used to determine c ry s ta l l i te  sizes by 
reference to standard samples 745-50/.
The spec ific  surface o f a powder, as measured by gas adsorbtion methods,is
a very commonly used method o f determining i ts  " s in te ra b il ity " .  Nitrogen
is  most frequently used as adsorbate and the amount adsorbed as a function
of pressure determined vo lum etrica lly . For low spec ific  surfaces gases o f
low saturation vapour pressure such as krypton or ethylene are preferred,
85the former "labe lled" w ith Kr to fa c i l i ta te  pressure measurement. The 
adsorption equation developed by Brunauer, Emmett and T e lle r is  used almost 
un iversa lly  fo r  in te rp re ting  the re su lts , so tha t the methods is  often 
referred to as the 'BET' method. For regu lar, smooth surfaced pa rtic les  
the mean p a rtic le  size may be deduced from the spec ific  surface, but the 
spec ific  surface i t s e l f  is  a useful parameter fo r  s in te ring  behaviour, the 
d riv ing  force fo r  s in te ring  being reduction in  surface area /1 13, 114/.
Permeametry is  based upon the flow o f a liq u id  or gas through a packed bed 
o f powder. Using commercially available instruments a measure o f p a rtic le  
size can be read ily  obtained fo r  pa rtic les  down to about 1 pm diameter.
The method is ,  however, not absolute and may give unre liab le  resu lts  in  the 
case o f large p a rtic le  size d is tr ib u tio n s .
Sedimentology u t il is e s  the va ria tion  in  s e ttlin g  rate w ith size o f pa rtic les  
in f lu id  suspension, results  usually being interpreted with the aid o f 
Stoke1s law. A wide va rie ty  o f experimental techniques are availab le to 
determine the s e ttlin g  rate o f suspensions, e ithe r the concentration o f 
the suspension as a function o f time or depth being determined (by, e .g ., 
sampling, l ig h t  sacttering or apparent density) or the amount o f sediment 
(g ra v im e trica lly ). The lower size l im it  o f g rav ita tiona l sedimentology o f 
around 5 pm can be extended by using centrifuga l methods down to 0.01 pm 
or lower. P a rtic le  size d is tr ib u tio n s  are obtained but the inherent d is ­
advantage is  tha t the size measured is  the diameter o f a sphere w ith the 
same terminal ve lo c ity . Non spherical pa rtic les  may give quite erroneous 
results as may p a rtic le  aggregates, so th a t fo r  the purposes o f s in te ring  
studies i t  is  only useful as a comparative method /41 , 53/.
Sensing zone methods involve the detection and siz ing o f ind iv idua l par­
t ic le s  in a suspension flow ing through a small o r if ic e .  The detection may 
be o p tic a l, acoustic or e le c tr ic a l,  the la t te r  being most common and used 
in the commercial 'Coulter Counter'. The greatest advantage o f the method 
is  i t s  speed in producing a p a rtic le  size d is tr ib u tio n  based on p a rtic le  
volume. Accuracy is  good but may be affected adversely by agglomeration, 
non-spherical p a rtic le  shape and the simultaneous counting o f two or more 
p a rtic le s . The size range fo r  a given o r if ic e  is  also lim ited  to a diameter 
ra tio  o f 20:1; the lower l im it  o f commercial instruments is  a t present 
0.6 pm /54, 55/.
Sieve ana lys is .is  probably the most common form o f p a rtic le  size due to 
i t s  s im p lic ity . Accurate work, however, requires careful experimental 
techniques, as not a l l  pa rtic les  which could pass through a p a rticu la r 
aperture do so. Conventional sieves are available w ith apertures as small 
as 50 pm diameter and electroformed micromesh sieves down to 5 pm.
In E lu tr ia tio n , pa rtic les  are c la ss ifie d  by means o f an upward-flowing f lu id  
whose ve loc ity  is  reduced by stages, so tha t pa rtic les  remain in  tha t stage 
o f the apparatus where the f lu id  ve lo c ity  is  equal to th e ir  terminal 
ve lo c ity . As the p rinc ip le  is  s im ila r to sedimentology the same remarks 
concerning the sign ificance o f the sizes determined apply; the technique
is ,  however, useful fo r  c lass ify ing  fin e  powders between 10 pm and 100 pm 
diameter fo r  fu rth e r analysis.
2.2. The Experimental Investigation o f S intering Kinetics
2.2.1. In i t ia l  Stage
Since Kuczynski /12 / showed tha t equations could be derived showing d i f fe r ­
ent time dependencies o f neck growth between spheres by d iffe re n t con­
ceivable mechanisms, most investigations o f s in te ring  k ine tics  have been 
based on studies o f the time dependence o f neck growth and related para­
meters in powder compacts. Exceptions have usually been aimed a t demonstrat­
ing the v a lid ity  o f a p a rticu la r theory, fo r  example the measurement o f the 
concentration o f one component o f a so lid  so lu tion in the in te rp a rtic le  
neck to prove the contribution o f d iffu s io n  /5 6 /, or the observation o f 
d is location densities in necks by transmission electron microscopy to 
establish the contribution o f p la s tic  flow /57, 58, 59/.
The p rinc ip le  o f the method used by Kuczynski and other experimenters was 
to make metallographic measurements o f the diameters between spherical 
pa rtic les  and f la t  surfaces, sintered a t d iffe re n t temperatures and fo r  
various times, thus obtaining a series o f isothermal neck growth curves 
/60, 11/. Para lle l wires have also been used to s im p lify  experimental 
technique /4 / .  The mechanism co n tro lling  s in te ring  was id e n tif ie d  from the 
lime exponent o f these isothermal curves. Unfortunately th is  method does 
not d is tingu ish  between those mechanisms having the grain boundary as the 
source o f material fo r  the neck and those w ith the p a rtic le  surface as 
the material source,as with such an experimental arrangement i t  is  not 
possible to make accurate measurements o f the approach o f p a rtic le  centres. 
More recent investigators have favoured the study o f compacts o f spherical 
pa rtic les  re la ting  the approach o f p a rtic le  centres to the lin e a r shrinkage 
o f the compact and the neck widths by sectioning and metallography /17, 19; 
9, 34, 61, 62; 122-125/. This is  o f course lim ited  to those materialswhich 
can be sectioned and polished in  a highly porous s ta te . However, w ith the 
knowledge o f both shrinkage and neck growth as a function o f tim e, the
id e n tif ic a tio n  o f the s in te ring  mechanism can be made w ith a f a i r  degree 
o f ce rta in ty , so long as the theore tica l models fo r  the various possible 
mechanisms are correct /6 3 /. D iffusion coe ffic ien ts  calculated from the 
results of such experiments have shown close corre la tion  w ith values 
measured by other methods.
Such methods are lim ited  to cases where the p a rtic le  size is  large enough 
fo r  microscopic examination. Even the use o f scanning electron microscopy 
only allows the examination o f pa rtic les  greater than 5 pm, due to the 
lim ita tio n s  imposed by polishing techniques. The application o f conclusions 
drawn from experiments on larger pa rtic les  to micron and sub-micron systems 
is  questionable as the re la tive  importance o f d iffe re n t mechanisms may 
depend on both temperature and p a rtic le  size /3 , 4 /. The use o f la rger 
pa rtic les  demands higher temperatures fo r  convenient rates o f s in te ring  to 
be measured. Hence i t  may be necessary to re ly  upon measurements o f macro­
scopic properties of powder compacts which moreover are comprised o f non- 
spherical pa rtic les  w ith a large size d is tr ib u tio n , d ictated by the method 
o f preparation. As the carbonitride powders studied in th is  investiga tion  
fa l l  in to  th is  category, such methods w il l  be discussed here in d e ta il.
2.2.2. Shrinkage Measurements
For a l l  thermally activated mechanisms which involve transport o f material 
from the in te rp a rtic le  grain boundary to  the neck, the rate o f approach o f 
p a rtic le  centres can be expressed by an equation o f the form:
(f i }T= T y ir  exp ( ' Q/RT) (2>1)
where y = in terpenetration o f p a rtic le s /p a rtic le  radius, K is  a constant 
related to the surface energy,molecular volume, p a rtic le  diameter, and the 
pre-exponential o f the activated process, Q is  the actuation energy and n 
a numerical constant dependent on the mechanism. The equation applies to 
equisized, spherical pa rtic les  and a single operative mechanism. I t  is  
usually assumed tha t the frac tion a l shrinkage A L /L , o f a compact o f 
spherical pa rtic les  is  equal to y , which is  true fo r  a regular array. Hence
so long as the conditions fo r  the v a lid ity  o f equation (2.1) are f u l f i l le d  
the in i t ia l  s in te ring  mechanism can be deduced from the values o f n, K and 
Q determined by continuously measuring the shrinkage under isothermal 
conditions.
In practica l powder compacts many o f these conditions are not f u l f i l le d  
so i t  is necessary to examine how well equation (2.1) can be applied to 
a real s itu a tio n . The f i r s t  problem arises from the fa c t th a t, even w ith 
equisized spherical pa rtic les  A L /L  does not always equal y . This has been 
observed experimentally /64, 65/ and is  mainly a ttribu ted  to  the formation 
o f new contacts and possibly the asymmetric s in te ring  o f some necks. The 
e ffe c t is  greatest a t the smallest values o f shrinkage. Smaller pa rtic les  
are observed to e xh ib it behaviour closer to the ideal than large ones /6 5 /.
Secondly, deviation o f the p a rtic le  shape from spherical w il l  cause a 
va ria tion  in the observed valve o f n fo r  a p a rticu la r mechanism. This is  
because the valve of n depends upon the interpenetration-neck volume and 
width con tinu ity  re la tions which w il l  vary according to the exact contact 
geometry /6 6 /. Bannister /67 / calculated the value o f n fo r  volume and 
grain-boundary d iffu s io n  shrinkage mechanisms fo r  a va rie ty  o f contact 
geometries, and found values o f n between 0.99 and 2.02 fo r  volume d iffu s io n  
fo r  example. Of greatest sign ificance in determining n is  the exponent in  
the interpenetration-neck width re la tio n , fo r  a l l  spherical geometries 
(including a sphere-plane geometry) the re la tionsh ip  may be approximated 
by:
y = K x2 
and fo r  a pyramidal or conical contact:
y = K x.
The la t te r  expression, which gives a higher value o f n, w il l  be va lid  fo r  
angular p a rtic les . Randomly shaped but non-re-rentrant pa rtic les  are l ik e ly  
to have an average re la tionsh ip  s im ila r to tha t fo r  spheres. Hence a 
knowledge o f the in i t ia l  p a rtic le  shape is  a great aid in  in te rp re ting  
shrinkage data. Actual measurements o f neck growth are, o f course, even 
b e tte r, but d i f f ic u l t  to obtain fo r  the reasons ju s t discussed.
The e ffe c t o f a p a rtic le  size d is tr ib u tio n  on in i t ia l  stage s in te ring  
k ine tics has been very much neglected in theoretica l studies. Coble /68/ 
considered lin e a r arrays o f pa rtic les  and concluded tha t the same behaviour 
should be observed fo r  d is tr ib u tio n  o f p a rtic le  sizes as fo r  a monodisperse 
system i f  the number average p a rtic le  size is  used. Johnson /69 / considers 
tha t a transien t in i t ia l  rapid shrinkage w il l  occur, a fte r  which the 
behaviour w il l  be the same as fo r  equisized p a rtic le s , although no theo­
re tic a l grounds are given. Experimentally Coble's hypothesis is  confirmed 
in /70/ fo r  a binary mixture o f alumina powder although Bacmann and Cizeron 
H M  observed an increase in  the valve o f n fo r  a broader size d is tr ib u tio n  
fo r  U02 powders.
Probably the greatest d i f f ic u l t y  in  the in te rp re ta tion  o f shrinkage data 
lie s  in the possible contribution to  neck growth by surface d iffu s io n  and 
other mechanisms which re su lt in  no shrinkage. In th is  case the assumed 
con tinu ity  re la tions w il l  not apply and the measured valve o f n w i l l  be 
a ltered. The problem is  again removed i f  neck growth data are ava ilab le . 
Fa iling  th is  i t  may be possible to calculate the l ik e ly  contribu tion  o f 
such competing mechanisms, although th is  requires accurate surface d iffu s io n  
and vapour pressure data, which are not very often ava ilab le . In the case 
o f surface d iffu s io n , which always has a lower ac tiva tion  energy than 
volume or grain boundary d iffu s io n  and is  therefore re la tiv e ly  more important 
a t low temperatures, a contribution may be detected i f  holding the compact 
at a temperature below tha t a t which measurable shrinkage occurs has an 
e ffe c t on the subsequent s in te ring  behaviour. The information from such an 
experiment is ,  o f course, only q u a lita tiv e .
Considerable support to conclusions drawn from the value o f n in  equation 
(2.1) may be drawn from the ac tiva tion  energy Q and the pre-exponential K.
I f  volume d iffu s io n ,,fo r example, is  considered to be ra te -co n tro llin g  then 
Q should correspond to the ac tiva tion  energy fo r  volume d iffu s io n  o f the 
material - in  compounds tha t o f the slower d iffu s in g  species. A much lower 
value would indicate a contribution from grain boundary d iffu s io n . The value 
o f K should contain the pre-exponential fa c to r D0 fo r  volume d iffu s io n  and 
so long as the p a rtic le  size and surface energy are known or can be reason­
ably estimated i t  should be possible to  calculate a value fo r  the d iffu s io n  
co e ffic ie n t and compare i t  w ith tha t determined by other techniques.
2.2.3. Experimental Techniques
Conventionally, shrinkage measurements are carried out isothermally using 
a suitable d ila tom eter, a series of samples being used to cover a range o f 
temperatures. The determination o f the factors K, n and Q in equation (2.1) 
is  then a straightforward matter. However, in  practice a great deal o f 
shrinkage occurs while the sample is  being brought to  temperature and thus 
much information is lo s t.  The use o f fa s t heating rates to overcome th is  
problem is  lim ited  by the thermal conductiv ity o f the sample and the rate 
a t which the measuring instrument a tta ins thermal equilibrium . A number o f 
experiments /62, 72, 73, 74/ have therefore used a method in  which shrinkage 
is  measured while the sample is  being heated a t a contro lled constant ra te . 
This w il l  be referred to as the CRH method.
Analysis o f CRH experiments requires a way o f re la tin g  s in te ring  behaviour 
under isothermal conditions to tha t under CRH conditions. I f  the isothermal 
shrinkage rate be expressed by equation (2 .1 ), and:
dT = c
then ^  = — !L .  exp (-Q/RT)
cT y 
■T
hence J yn cly = £  J |  exp (-Q/RT) dT (2.2)
The r ig h t hand side of equation (2.2) cannot be integrated exactly but fo r  
Q »  RT an approximate so lution exists g iv ing :
f p r r  = § T  6XP ( ' Q/RT) (2 ,3 )
hence p lo ttin g  In (yA r n+^ )  against 1/T gives a s tra ig h t lin e  w ith  a slope 
o f-Q /(n+ l)R , the slope o f the p lo t being insensitive  to the value o f n which 
i t  is  necessary to assume fo r  the temperature exponent. I f  several experiments 
are performed a t d iffe re n t heating rates then n can be determined from a ’ 
p lo t o f log y against log c a t constant temperature.
In the derivation c f equation (2.3) i t  is  assumed tha t the factors K, n and 
Q are independent of temperature over the range o f in teg ra tion . A change in 
the dominant mechanism w ith temperature may cause a l l  o f these factors to 
change. Any change in the value o f n w il l  be seen as a curvature o f the p lo t 
o f log y v. log c; the determination is  independent o f any change in  the 
valves o f K and Q. I f  the la t te r  two factors are temperature dependent th is  
w i l l  be seen as a curvature o f the Arrhenius p lo t. S tra ight lines are, there­
fo re , a very good ind ica tion  o f the dominance o f a single mechanism over 
the range o f temperature investigated.
Bengtsson e t a l . /78 / use a considerably simpler expression fo r  the analysis 
o f shrinkage data from WC power:
y = ( ^ ) n f c V  (2.3a)
This equation is ,  however, derived by substitu ting  T = T0 + a t in  a s in te r­
ing equation of the form:
y = ( V ) "  t n (2.3b)
This is  in va lid  since, because o f the temperature dependence o f D, equation 
2.3b can only be va lid  fo r  constant T. The more involved approach o f Young 
and Culter is  therefore necessary.
Another non-isothermal method, f i r s t  used by Dorn/75/ has been applied to 
in i t ia l  stage s in te ring  studies on U02 /76 , 73/ and copper J71/ to  determine 
the ac tiva tion  energy, Q, from a single experiment. The rates o f shrinkage 
of a powder compact immediately before and a fte r  a change in  temperature 
AT from T-j to T^ are measured d ila to m e tr ica lly . For small AT the ac tiva ­
tion  energy can be determined from the ra tio  o f the two rates using the 
expression:
Q = O L .  ln  ( y . / j g  (2.4)
A T  '
which is  simply derived from equation (2 .1 ), so long as the value o f y does 
not change s ig n if ic a n tly  during the change in  temperature.
The application o f the method involves several problems. In order tha t y 
may not change s ig n if ic a n tly  the heating rate must be rapid and the 
temperature change not too great. However, high heating rates may d isturb  
thermal equilibrium  in the dilatometer and thus introduce spurious length 
changes, and the sample i t s e l f  must have time to  come to thermal equilibrium  
a t the new temperature. On the other hand, the temperature change must be 
s u ff ic ie n t ly  large fo r  i t ,  and the change in shrinkage ra te , to be measured 
accurately. The need fo r  a compromise in  these c o n flic tin g  requirements
o
l im its  the accuracy o f the method. Using a heating rate o f 5 C/min and a 
temperature change o f about 20° ( in  the region 750-850°), Bacmann and 
Cizeron /76 / estimate the re la tive  e rro r in  Q to  be -  10 %, The greatest 
potentia l e rro r in  th is  type o f experiment arises from the measurement o f 
the shrinkage rate as th is  may be affected by transien t expansions o f the 
sample and apparatus due to the rapid change in  temperature. The magnitude 
o f these may be determined from "dummy runs" using non-shrinking samples.
The e rro r resu lting  from the change in  y during heating or cooling may be 
reduced by taking the average values o f Q determined from both pos itive  and 
negative changes iri temperature as in the one case the change resu lts  in  an 
increase and in the other a decrease in the measured value o f Q. At low 
shrinkages where the shrinkage rates are fa s t and the re la tive  change in  y 
during the temperature change may be large, i t  is  be tte r to  correct fo r  the . 
change in  y by using the expression:
»t* ® nR T1 T? y. y«
Q = -  —  - - In J -  (-1) (2.5)
T y2 y 1
i f  the value of n is  known or can be reasonably estimated. For la rger
temperature changes the equation must be fu rth e r modified by the term 
T-j/Tg to account fo r  the temperature dependence o f the pre-exponential 
in (2 .1 ):
p = i V i  ln  ! i  v  (2<6)
T y2 y 1 1
The other source o f potentia l e rro r is  o f course the temperature measure­
ment and th is  w il l  depend on the instrumentation. I f  a thermocouple is  
used which is  not, as in the ideal case, in  contact w ith the specimen, then 
i t  w i l l  in  general respond more rap id ly  to changes in  the temperature o f
i t s  surroundings than the specimen. Hence a fte r  a rapid change in  tempera­
ture the specimen temperature w il l  lag behind the thermocouple temperature 
and therefore the actual value o f A T  w il l  be lower than tha t 
recorded. The magnitude o f th is  e rro r is  d i f f ic u l t  to determine or
estimate, whereas the errors in the measured valves o f A T  and T^, T2 due 
to ca lib ra tion  uncertainties are straightforward to estimate.
The greatest advantage o f the Dorn method compared with a series o f iso ­
thermal shrinkage curves is  tha t errors a ris ing  from s lig h t differences in , 
fo r  example, green density between specimens are elim inated. As the ac tiva ­
tion  energy is  obtained fo r  a small temperature range then errors a ris ing  
from a possible temperature dependence o f ac tiva tion  energy are also 
elim inated. I t  can also be applied to  la te r  stages o f s in te ring  as i t  only 
requires tha t the shrinkage rate be an exponential function o f temperature.
2.2.4. Specific Surface Measurements
Since the main d riv ing  force fo r  s in te ring  is  the reduction o f the to ta l 
surface energy i t  is  c lear tha t the spec ific  surface o f a compact w il l  
decrease during the process and can therefore be used to study in i t ia l  
s in te ring  k ine tics . In p a rticu la r the reduction in surface area can be 
related to neck growth which, as pointed out in  the previous section, is  a 
great aid in  id e n tify in g  the s in te ring  mechanism in  compacts o f f in e  powder
To a f i r s t  approximation, va lid  fo r  small necks re la tive  to the p a rtic le  
diameter, the decrease in surface area is  equal to twice the sum o f the 
cross sectional areas o f in te rp a rtic le  necks. In th is  case the average 
cross sectional area per neck is  /79 /:
A = (SQ - Ss ) m N (2.7)
where SQ is  the spec ific  surface o f the loose powder compact, S$ the 
spec ific  surface o f the pa rtly -s in te red  compact, m the p a rtic le  co­
ordination number (number o f contacts per p a rtic le ) and N the number o f 
pa rtic les  per gram.
In /79 / the actual value o f A is  determined by ca lcu la ting N from the 
spec ific  surface, assuming uniform spherical pa rtic les  and m from the
shrinkage-specific surface re la tio n . This method is  not va lid  as i t  pre­
supposes a p a rticu la r neck growth-shrinkage con tinu ity  equation. In fa c t - 
i t  is  not possible to determine m from th is  data, but nevertheless the 
spec ific  surface data are o f use. I f  the con tinu ity  equation is  o f the form
A = ayb (2.8)
then i t  is  the value o f b which determines n in  equation (2.1) fo r  a 
p a rticu la r mechanism, and th is  can be found from a logarithm ic p lo t o f 
(S -S ) against y . The application o f th is  method requires tha t m remains•J
constant, i .e .  tha t no new p a rtic le  contacts are formed, and as th is  can 
in no case be excluded results  fo r  low values o f y must be considered 
c r i t ic a l ly .
More precise re la tionships have been derived by German and Munir /80-83/ 
fo r  the change in spec ific  surface during the in i t ia l  s in te ring  o f perfect 
spheres. A d e fin ite  neck shape is  defined o f minimum surface area and the 
resu lting  surface area calculated as a function o f neck diameter. Using 
Kuczynski's and other equations fo r  the k ine tics o f neck growth they fin d  
tha t the surface area reduction can be expressed by equations o f the form:
C Y
(<r) = Kt (2.9)Oo
where Y  varies from 1.1 fo r  a viscous flow mechanism to 3.6 fo r  a surface 
d iffu s ion  mechanism. In /83 / data fo r  a va rie ty  o f materials are analysed
iy
using th is  method and s im ila r conclusions drawn asx other investigators using 
d iffe re n t methods. However, since the equations apply s p e c if ic a lly  to 
spherical pa rtic les  then erroneous conclusions caused by other than spherical 
contacts may s t i l l  be drawn so tha t the value o f the increased precision 
afforded by an exact neck shape is  questionable.
In a ll cases i t  is  necessary to determine the spec ific  surface w ith great 
accuracy, in  p a rticu la r tha t o f the free powder as the results  depend on 
the differences between these values. Results could also become confused 
by surface area reduction not associated w ith neck growth such as may arise
from the smoothing o f irre g u la r p a rtic le  surfaces. The method should 
therefore only be used where precise measurements are possible and the 
partic les  are known to be smooth-surfaced.
2.2.5. E lec trica l R e s is tiv ity  Measurements
The use of the e le c tr ic a l r e s is t iv ity  o f a powder compact as a measure of 
neck growth is  an a ttra c tiv e  method which seems to have received l i t t l e  
a tte n tion , probably due to uncertainties in in te rp re ting  the resu lts . 
Zaverukha and K is ly i /8 4 /, fo r  example, found the method to be o f great 
s e n s it iv ity ,  the re s is t iv ity  o f TiB2 compacts changing by four orders of 
magnitude during s in te ring . However, no in te rp re ta tion  o f the results  is  
o ffered. Accary and Trouve /85 / have applied the method to uranium carbide 
and copper, analysing the results on the assumption tha t the re s is t iv ity  
was d ire c tly  proportional to  neck cross-section. In the la t te r  case the 
activa tion  energy fo r  volume d iffu s io n  deduced from these results  was very 
close to the value determined from tracer measurements. The same method o f 
in te rp re ta tion  was used by Lenel and co-workers in studies on s ilv e r  powder 
/8 6 /, where the e ffe c t o f stress on the activa tion  energy fo r  s in te ring  was 
studied. No proof o f the v a lid ity  o f the method was given.
As an absolute measure o f neck growth the technique does not appear to  have 
been proved and potentia l sources o f e rro r such as the formation o f new 
contacts, changes in the e le c tr ic a l r e s is t iv ity  o f the material i t s e l f  are 
legion. Furthermore, there is  no conclusive way o f re la tin g  re s is t iv ity  to 
neck growth so th a t the method requires considerable fu rth e r study fo r  i t s  
potentia l to  be realised /8 7 /.
2.2.6. Intermediate and Final Stage
Studies of the la te r  stages o f s in te ring  are almost exclusively confined 
to metallographic investigation o f isothermally sintered compacts. The 
methods o f preparation used depend upon the material and i ts  density, the 
greatest d i f f ic u l t y  being afforded by high porosity b r i t t le  ceramics.
The stereo!ogical parameters measured w il l  depend upon the theore tica l 
model being considered. Coble's model /24 / simply requires average grain 
diameters and to ta l porosity whereas Johnson's /31/  requires the more 
complicated task o f determining the average mean surface curvature.
The study o f pores structures is  feasib le  using other methods such as 
mercury porosimetry, but they seem to have received much less a tten tion  
in the investigation o f s in te ring .
Chapter 3
Uranium-Plutonium Carbonitrides and Related Nuclear Fuels
3.1. General Characteristics
Although the e a rlie s t power reactors have operated quite successfully using 
m eta llic  uranium a lloys as fu e l,  i t  was soon realised tha t ceramic fue ls 
could o ffe r  improved reactor performance by operating a t higher tempera­
tures and possibly to higher burn-ups. For water-cooled ractors enriched 
uranium dioxide and uranium-plutonium dioxide are the only ceramic fuel 
materials to be considered due to the necessity fo r  com pa tib ility  o f the 
fuel w ith the reactor coolant in case o f a fuel pin fa ilu re . In practice 
oxides have shown good in -reacto r performance w ith a low degree o f sw elling, 
high fis s io n  gas re ten tion , and com pa tib ility  w ith sta in less steel and 
other cladding m ateria ls. For these reasons they have also been chosen fo r  
the f i r s t  generation o f fa s t breeder reactors. However, oxide fue ls are
lim ited  in th e ir  potentia l power ra ting  due to th e ir  poor thermal con-
-1 -1d u c tiv ity  ( ~ 4  Wm K ) and as in fa s t breeder reactors liq u id  metal 
(sodium or NaK) is  used as the coolant, the necessity fo r  com pa tib ility  
w ith water becomes irre le v a n t, and a lte rna tive  ceramic fue ls w ith higher 
thermal conductiv ity become a ttra c tiv e  /8 8 /.
Uranium-plutonium monocarbide (U,Pu)C, mononitride (U,Pu)N and related 
compounds appear the most promising. For the sake o f conciseness, these 
w il l  be referred to as MX-type fue ls where M is  (UxpUj ) ancl x is  
(C N, ) ,  x being between 0.8 and 0.85 fo r  fue ls o f p ractica l in te re s t fo r
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fa s t breeders, although plutonium-free comppsitions (p a rtic u la r ly  UC) have 
been investigated fo r other types o f reactor. A ll compounds o f the MX type 
have the face-centered cubic NaCl structure and e xh ib it mutual s o lu b il i ty .
The thermal conductiv ities o f MX compounds are considerably higher than
-1 -1fo r  oxides ( 20 Wm K ) /88 / and they have the fu rth e r advantage o f a 
higher heavy atom density which allows a more compact reactor core w ith a 
lower inventory o f f is s i le  m ateria l. However, there are also a number o f 
disadvantages w ith respect to oxides which are related to in -p ile  s ta b i l i ty  
(swelling) fue l-c ladding in te raction  and the re la tive  complexity o f
fa b rica tio n . The magnitudes o f these problems depend on many factors and 
a deta iled discussion is  beyond the scope o f th is  d isse rta tion ; however, 
a few points relevant to the fuel fab rica tion  w il l  be discussed.
Monocarbides have been the subject o f the greater part o f research in to  
th is  fam ily o f compounds, complete reactor cores having already been loaded 
(e.g. the Hallam reactor in  the USA). Fabrication on a large scale by 
means o f carbothermic reduction o f the oxides is  reasonably stra ightforw ard, 
but due to the narrow range o f stoichiometry the presence o f second phases 
is  almost impossible to avoid (see la te r  discussion on phase re la tio n s ). 
These may be detrimental to in -p ile  performance - fo r  example the dicarbide, 
which is  found as a Widmanstatten p re c ip ita te , accelerates carburization o f 
the cladding in sodium-bonded pins by providing a fa s t d iffu s io n  path fo r  
carbon. In helium-bonded pins, swelling has been found to be very sensitive 
to temperature and temperature gradients making in -p ile  performance d i f f i ­
c u lt to pred ict /8 9 /. A fu rth e r d i f f ic u l t y  associated w ith the fab rica tion  
o f carbides is  the tendency o f fin e  powders to oxidise - in  a ir  they are 
pyrophoric. This necessitates handling in very pure argon or nitrogen 
atmospheres w ith low oxygen and water vapour contents.
Mononitrides have a s lig h t ly  lower thermal conductiv ity but a higher heavy
atom density than carbides. They exh ib it considerably be tte r resistance to
attack by water vapour, which fa c il ita te s  handling and storage, together
with be tte r fuel-cladding com pa tib ility  and more predictable swelling
behaviour /8 9 /. However, n itr id e s  produced by the economical carbothermic
reduction process lose many o f th e ir  advantageous properties due to carbon
and oxygen im purities . A considerable disadvantage is  the high cross-section
fo r  neutron capture in nitrogen-14 (the common isotope) which is  detrimental
15to breeding characteris tics  /9 0 /. The use o f N has been suggested but 
would be expensive to implement.
Carbonitrides w ith greater than 20 % o f MC substituted by MN are, fo r  
reasons discussed la te r ,  considerably easier to produce as single-phase 
material than carbides. Swelling behaviour is  also more promising than 
carbides /89 / and the addition o f n itr id e  to carbide raises the melting 
point considerably, g iving a maximum o f 2910°C a t a composition o f about 
M ( C q  7N q  3). This raises the maximum potentia l power ra ting  o f the fu e l.
A carbonitride w ith the composition M (Cq gNg ^  has been the focal point 
o f research in to  the swelling characte ris tics  o f MX fuels a t the Irans- 
uranium In s t itu te , and the fab rica tion  o f th is  compound is  the subject o f 
th is  d isse rta tion . Since the amount o f availab le data on matter transport 
and other relevant phenomena fo r  th is  material is  lim ite d , th is  section 
w il l  involve a discussion o f a l l  MX type m ateria ls.
3.2. Phase Relationships in the System U-Pu-C-N
Phase re la tions in th is  quaternary system are fa i r ly  complicated, so tha t 
i t  is  only intended to discuss those aspects o f the system which have a 
bearing on the fab rica tion  o f MX-type fue ls . To th is  end the binary systems 
w il l  f i r s t  be described and more complicated compositions related to  them.
The U-C phase diagram /91/  is  shown in Fig. 3.1. I t  can be seen tha t up 
to fa i r ly  high temperatures the range o f composition o f UC is  very lim ite d . 
At typ ica l s in te ring  temperatures o f around 1600°C the C/M atomic ra tio  may 
only vary between about 0.98 and 1.02 without p rec ip ita tin g  uranium metal 
or higher carbides. Although below 1900°C the hyperstoichiometric carbide 
is  in  equilibrium  w ith the sesquicarbide U2C3, the k ine tics o f formation 
o f U2C3 are slow, so tha t the dicarbide is  nearly always present a t room 
temperature.
Plutonium s im ila r ly  forms PuC and Pu2C3 o f the same c ry s ta llin e  forms as 
UC and U2C3, although in th is  case PuC exists over a wider range o f C/Pu 
ra tios  and is  .always hypostoichiometric w ith respect to carbon. PuC is  
m ixible w ith UC in a ll ra t io . At lower temperatures a fu rth e r compound, 
Pu3C2 is  formed but a t s in te ring  and reactor operating temperatures (above 
634°C) the monocarbide is  in  equilibrium  w ith the liq u id  metal. The U-Pu-C 
system is  not well known in  the temperature range 650-2000°C /9 2 /, but the 
pseudo-binary (UQ g5 PuQ 15)-C is  very s im ila r to the U-C system. An 
important d ifference is  the s ta b ilis a tio n  o f the sequicarbide phase and a 
broadening o f the range o f stoichiometry o f MC /93/ (Fig. 3 .2).
With nitrogen uranium forms analogous compounds to  those found in  the U-C 
system (F ig. 3 .4 ). UN2 is  not found in  equilibrium  with the mononitride,
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however. No va ria tion  in stoichiometry o f UN has been observed a t room 
temperature and the compositional range remains narrow up to i t s  melting 
point o f 2830° /9 4 /, varying a t the most from N/U = 0.99 to N/U = 1.00 
at 1500° to 200°C /9 5 /. Plutonium only forms a mononitride w ith an un­
certa in range o f composition. UN and PuN form a continuous series
o f so lid  solutions,,
The form of the U-C-N ternary system in  the temperature range 1400-1750°C 
is  shown in Fig. 3„3 /96 /. I t  can be seen tha t UC and UN form a continuous 
range o f so lid  solutions which, on the hypostoichiometric side, are in 
equilibrium  w ith liq u id  uranium and on the hypoerstoichiometric side w ith 
uranium dicarbide, sesquicarbide and free carbon. As one o f the components 
o f the system is  a gas, the equilibrium  compositions w il l  depend upon the 
nitrogen pa rtica l pressure. However, in  the phase f ie ld  U(C,N) + C the C/N 
ra tio  attained fo r  a given nitrogen pressure depends on whether equilibrium  
is  reached from the carbon or nitrogen rich  side. This is  because the carbon 
precip ita ted from the reaction UC + N U(C,N) + C is  in  a higher state o f 
a c t iv ity  than graphite /97, 98/.
The pseudo-ternary system given by the substitu tion  o f minor amounts o f Pu fo r  
U d iffe rs  from the U-C-N system mainly by the disappearance o f the MC2 phase 
f ie ld  in the temperature range 1400-1650°C /1 03/ and the movement o f point 
B to more nitrogen rich  compositions. The p a rtia l diagram proposed by 
Potter /96 / is  shown in Fig. 3.4.
The e ffe c t o f the nitrogen pressure on e q u ilib r ia  in  these systems is  
probably the most s ig n ific a n t aspect from the point o f view o f fab rica tio n  
technology. By use o f s u ff ic ie n t ly  low N2 pressures during preparation and 
fab rica tion  the formation o f higher carbides can be prevented. With nitrogen 
rich  carbonitrides free carbon w il l  be formed in any case. Equilibrium 
nitrogen pressures fo r  the various phase f ie ld s  have been determined by a 
number o f experiments (e.g. /99, 100, 101/) and have also been calculated 
by Potter /9 6 /.
Oxygen is  su b s titu tio n a lly  soluble in  carbides and carbonitrides to  a con­
siderable extent, the maximum s o lu b il ity  in  uranium carbide being 35 % "UO"
r ig,  u -l-n  lernery rnase Diagram I 4uu-i/bu u
u
U(C, N)+ UC; l  
U: C., + U (C, N)
UC: + U: C» + U (C, N)
   u2'c
UC: + U (C, N)b ( J Q 2
+ c
UN 
U 2 N 3
N
Fig. 3 .4 : (U, Pu)-C-N Pseudo-Ternary System
(U,Pu)
(U, Pu) N
and in plutonium carbide 65 % "PuO" /102/. Oxygen can therefore cause the 
appearance o f higher carbides and carbon-rich carbonitrides whose M/C+N 
ra tios  are w ith in  the normal range o f stoichiometry. Hence oxygen contents 
must be taken in to  account in  the preparation o f single-phased carbides.
Oxygen s o lu b il ity  in mononitrides is  considerably less, being a maximum of 
7 % "UO" (1600-1900°C). Calculations /96 / show tha t the substitu tion  o f 
oxygen in carbonitrides in  the presence o f sesquioarbide re su lt in  an in ­
crease in  the equilibrium  nitrogen and CO pressures and a decrease in  the 
Pu pressure.
3.3. Preparation 
Carbides
The most frequently used methods fo r  preparing uranium and uranium-plutonium 
carbides fo r  use as nuclear fue ls are based upon the fo llow ing reactions:
a) M + C —» MC
b) M + CH4 — » MC + 2 H2
c) M02 + 3 C — ► MC + 2 CO
Method (a) involves arc melting o f the reactants in a sku ll furnace a t 
around 2500°C under argon /1 04/. A product w ith low oxygen and nitrogen 
contamination can be produced, but the high vapour pressure o f plutonium 
renders the method impractical fo r  mixed carbides. The reduction o f metal 
powder w ith hydrocarbon gases a t 600-700°C results  in  a f in e ly  divided 
product tha t is  su itab le fo r  subsequent fab rica tion  by s in te ring  w ithout 
m illin g  /1 05, 106/. The metal powder is  in i t ia l l y  prepared from the bulk 
metal by hydriding a t around 200°C followed by dehydriding a t 400°C under 
vacuum. A single phased product w ith <  1000 ppm oxygen and <300 ppm 
nitrogen is  obtainable.
However, since methods (a) and (b) require m eta llic  uranium and plutonium 
as s ta rtin g  m ateria ls, these methods are a t an economic disadvantage to 
method (c ) , as oxides are the normal end product o f extraction and reprocess­
ing procedures. The usual s ta rtin g  material w i l l  be e ith e r hyperstoichiometric
U02 or U30g which is  f i r s t  reduced to sto ichiom etric U02 by adding an 
appropriate excess of carbon to the reaction m ixture. The reduction proceeds 
rap id ly  a t 850°C as:
U30g + C 3 UO2 + C02
The use of U^ Og has the advantage tha t i t s  composition is  well defined and 
therefore the correct amount of carbon can be read ily  determined /1 07/. For 
mixed (U, Pu) carbides the appropriate amount o f Pu02 is  added.
The oxide and carbon are f i r s t  mixed in  the correct proportions and e ithe r 
pressed in to  pe lle ts  which are reacted at between 1300° and 1600°C under 
vacuum or in  flowing argon, or a lte rn a tive ly  formed in to  spheroids or a 
granulate and reacted in a flu id ise d  bed. The progress o f the reaction is 
rou tine ly  monitored by measuring the CO content o f the exhaust gas stream.
The monocarbide is  formed a t the in terface between oxide and carbon, and the 
raction rate is  contro lled by the d iffu s io n  o f carbon through th is  layer and 
by the carbon monoxide p a rtia l pressure /1 08/. Hence the reaction k ine tics  
are favoured by f in e ly  divided and in tim a te ly  mixed reactants and conditions 
where carbon monoxide removal is  rapid. These requirements may be c o n f l ic t ­
ing as in high density compacts o f fin e  pa rtic les  CO release may be retarded. 
I t  has been found tha t the CO p a rtia l pressure is  only s ig n if ic a n t when 
greater than about two orders o f magnitude below the equilibrium  pressure 
/1 07, 108/. Where pressures are lower f i r s t  order reaction k ine tics  have 
been observed w ith an activa tion  energy o f 92 i kcals /1 09/.
The reaction product may be arc-cast in to  the f in a l product or a fte r  b a ll-  
m illin g  cold-pressed and sintered. Although w ith the former method i t  is  
easier to achieve How oxygen and nitrogen contaminations, and, o f course, 
high density. However, in  the case o f plutonium-containing * m aterials Pu 
losses may be too high in  the case o f arc-casting, and c r i t ic a l i t y  requ ire­
ments l im it  the size o f the melt and hence the use o f the method on a large 
scale. For these reasons s in te rin g , which in  view o f the lower temperatures 
necessary is  more economical, is  the preferred method fo r  large scale 
production.
A number of other techniques fo r  producing carbides are reported in the 
lite ra tu re . These include the reaction o f uranium and carbon in so lution 
in a liq u id  zinc-magnesium a llo y  a t 700-800°C. Uranium carbide precip ita tes 
and the a llo y  is  removed by vacuum d is t i l la t io n  a t 900°C. However, the 
products are hypostoichiometric in carbon (C/U = 1.05-1.10) and the 
process is  not practicable fo r  the production o f mixed carbides as the 
metal solvent composition required fo r  plutonium carbide p re c ip ita tio n  has 
too low a s o lu b il ity  fo r  uranium. The reduction o f uranium halides w ith a 
reducing metal such as s ilic o n  or aluminium in the presence o f carbon has 
been investigated with a view to producing carbides w ith a low oxygen con­
ten t / 110/  but the method has an unacceptably low y ie ld  o f carbide (80 %). 
Other investigators have tr ie d  to  improve the production o f in tim ate oxide- 
carbon mixtures w ith a view to increased con tinu ity  o f production. Examples 
of th is  include spraying uranyl n itra te  and sugar solution in to  a reaction 
vessel a t around 700°C, where the reagents decompose to give an oxide-carbon 
mixture /111/. A lte rn a tive ly  carbon black may be incoporated in to  micro­
spheres produced by the sol-gel method, which allows carboreduction and 
s in te ring  a t lower temperatures than usual, but in  which the carbon content 
is  d i f f ic u l t  to control / 112/ .
N itrides '
On a laboratory scale the most common method o f producing n itr id e s  is  the 
ex-metal route, in which hydriding a t around 250°C is  followed by reaction 
o f the resu lting  fin e  powder w ith nitrogen a t 400°C to 850°C /90, 113/. The 
product o f th is  reaction is  the sesqu in itride  (except in  the case o f p lu­
tonium, where the monocarbide is  formed), which is  decomposed to the 
mononitride by vacuum heat treatment between 800°C and 1500°C. The re s u lt­
ing reaction product can be sintered w ithout subsequent treatment and has a 
low oxygen contamination. Uranium metal may also be d ire c tly  n itr id e d  but 
the resu lting  product must be m illed before s in te ring  and the method is  not 
amenable to plutonium containing n itr id e s .
For preparation on a commercial scale, as w ith carbides, a cheaper raw
material is  required and hence carbothermic reduction o f oxides in  the
presence o f nitrogen is  considered to have the greatest production p o te n tia l.
The reduction, which is  performed in a s im ila r manner to tha t described fo r
carbides, can be described by the fo llow ing , much s im p lifie d , reaction:
U02 + 2 C' + N —*  UN + 2 CO
The k ine tics  o f th is  reaction have been studied by Lindemer /1 14/. F irs t 
an oxyn itride , w ith the f lu o r i te  structure o f U02* is  formed together w ith 
a carbon itride . Carbon transport is  aided by HCN, which is  present in  
traces. A fte r the production o f a continuous carbonitride in terface the 
reaction is  contro lled by the so lid -s ta te  d iffu s io n  o f carbon. The reaction 
k ine tics  are dependent upon the amount o f free carbon present and in 
practice w ith sto ich iom etric additions o f carbon the reaction does not go 
to completion and traces o f oxide (saturated w ith nitrogen) are found in 
the f in a l product together w ith carbon in so lid  so lution in  the n itr id e  
/115/. Carbon and oxygen contents o f <  2000 ppm are atta inable  /1 16/. By 
m illin g , cold pressing and s in te ring  dense pe lle ts  o f up to  95 % theore tica l 
density can be fabricated from the reaction product.
A lte rna tive  routes fo r  the production o f n itr id e s  have been investigated 
although none seems to be a serious competitor fo r  carbothermic reduction. 
The ch lo rina tion  o f the oxide to form UCl^, followed by reaction w ith 
ammonia has been tr ie d  /106, 113/, as has reduction o f the iodide w ith a 
solution o f sodium in anhydrous ammonia a t room temperature /117/. The 
iodide is  produced from the oxide by ch lo rina tion  with CCl^ a t 900°C g iv ing , 
fo r  example PuClg, followed by reaction and NH I^ a t 400°C.
Carbonitrides
Carbonitrides may o f course be prepared by arc melting uranium metal and 
carbon under a nitrogen atmosphere or by combining appropriate proportions 
o f carbide and n itr id e  powders and s in te ring  the mixture. These methods are 
only o f real in te re s t on a laboratory scale except perhaps the co -s in te ring  
o f UC and PuN powders to produce (Uq g  Puq 2 ^ 0  8 ^0 2  ^ ^as
advantage tha t the uranium carbide may be prepared outside the plutonium 
f a c i l i t y  /107/. However, high densities are d i f f ic u l t  to achieve by th is  
method.
More straightforward is  the production o f the carbonitride by the same
process described fo r  n itr id e s  by carbothermic reduction using an 
appropriate amount o f carbon. For carbonitrides o f a high nitrogen content 
there is  no d i f f ic u l t y  in obtaining a single phased product as carbonitrides 
w ith more than about 20 % MN are in equilibrium  with free cabon and nitrogen 
gas over a wide range of pressures in the temperature range used. In the 
case o f carbon rich  carbon itirdes, however, the nitrogen pressure must be 
ca re fu lly  contro lled to avoid the formation o f higher carbides. The problem 
extends in practice up to a C/N ra tio  o f about 0.4 /1 07/.
For these carbon-rich carbonitrides a variant o f th is  procedure has been 
found to be o f assistance /1 07/. Here carboreduction and n itr id in g  are 
carried out in  two stages, the product o f the f i r s t  stage being a s ing le ­
phased oxycarbide. This is  then n itr id e d  a t 1600°C under a flow ing nitrogen- 
argon mixture w ith a nitrogen p a rtia l pressure o f around 1-10 Torr. Higher 
nitrogen pressures re su lt in the formation o f higher carbides, however i t  is  
the a b i l i t y  to control the formation o f second phases via the nitrogen 
pressure which gives these low-nitrogen carbonitrides th e ir  advantage in 
fab rica tion  over carbides.
3.4. S intering
Although a number o f investigators have concerned themselves w ith the fa b rica ­
tion  o f pe lle ts  o f uranium carbide and related materials by s in te rin g , the 
greater part o f them have concerned themselves w ith the e ffects  o f various 
process parameters so le ly on the f in a l density, composition and micro- 
structure.Only one or two have studied the k ine tics  o f the s in te ring  process 
in order to determine the ra te -co n tro llin g  mechanisms.
Accary and Trouve /85/ studied the s in te ring  k in te tic s  o f uranium carbide 
powders by fo llow ing the change in  e le c tr ic a l resistance o f power compacts 
during isothermal s in te ring . The powders were produced by an unusual method 
in which a uranium carbide-uranium cermet was f i r s t  heat-treated to 
spheriodize the carbide phase, followed by removal o f the uranium by reaction 
w ith hydrogen. The resu lting  pa rtic les  were spherical and about 50 pu d ia ­
meter. By assuming tha t the compact resistance was inversely proportional 
to the mean in te rp a rtic le  neck cross-section they found th a t, a t s in te ring
temperatures between 700 and 1000°C, the results  were consistent w ith a 
neck growth law o f the form
x7 = K t
and an activa tion  energy fo r  the process o f 72 KCals. The neck growth law 
would indicate a surface d iffus ion  mechanism /12, 15/ but because the 
activa tion  energy is  near tha t fo r  volume d iffu s io n  in sto ichiom etric 
carbides (see Section 3.5) the authors concluded tha t the rate co n tro lling  
mechanism was volume d iffu s io n  from the free p a rtic le  surface through a 
th in , constant cross-section near the surface. This resu lt is  somewhat 
surpris ing as available d iffu s io n  data indicates tha t a t 1000°C surfaceo
d iffu s ion  should be about 10 times fas te r than volume d iffu s io n . Even w ith 
the greater available cross-section fo r  volume d iffu s io n  o f the order o f 
microns th ick  rather than angstroms, surface d iffu s ion  should s t i l l  be 
dominant. I t  must be concluded tha t e ithe r Accary and Trouve's determina­
tion  o f the activa tion  energy is  inaccurate, due to the considerable 
scatte r in  th e ir  results (although as the only availab le value o f the 
activa tion  energy fo r  surface d iffu s io n  is  around h a lf the measured value, 
th is  seems u n lik e ly ) , or tha t the volume and surface d iffu s io n  data a v a il­
able (which were obtained a t considerably higher temperatures) are not 
applicable.
I t  is in any case doubtful whether these results  are relevant to the s in te r­
ing o f m illed carbide powders fo r  several reasons:
1) The spherical powder partic les  are considerably la rger than those 
found in practica l s in te ring  processes.
2) The s in te ring  temperatures are very low - a t these temperatures 
shrinkage is  not observed a t a ll in  "normal" carbide powders.
I t  is  not recorded in  /85 / whether shrinkage o f the compacts was 
observed.
3) The composition o f the powder is  not given except fo r  4.6 % carbon.
From the production route the composition is  almost ce rta in ly  hypo- 
sto ich iom etric unless oxidation occurred between manufacture and 
s in te ring .
One important fa c to r, however, is  th a t, in th is  case a t leas t, neck growth 
takes place a t a temperature well below those temperatures a t which 
shrinkage is  observed.
McLaren et a l . /118/ obtained isothermal shrinkage data a t various tempera­
tures fo r  m illed arc-melted uranium carbide powder compacts. They found 
th a t, a t 1300°, 1600° and 1500°C the lin e a r shrinkage was related to time by
and tha t the apparent ac tiva tion  energy fo r  shrinkage was 112 Meals. The 
range of shrinkage involved (up to 10 %) was too great to enable conclusions 
to be made to the mechanism o f in i t ia l  stage s in te ring  from the value o f the 
time exponent. However, so long as the material structure is  only dependent 
upon the density the activa tion  energy measured should represent tha t o f 
the mass-transport mechanism fo r  intermediate stage s in te ring . Caution should 
however, be excercised in analysing experiments o f th is  type: in work on 
U02 an unexpectedly high apparant ac tiva tion  energy was found to be a t t r i ­
butable to a difference in grain size between pe lle ts  o f the same density 
sintered a t d iffe re n t temperatures /1 19/. The value o f 112Mcals is  consider­
ably higher than the 84 fccals /23 / determined fo r  uranium volume d iffu s io n  
in sto ichiom etric UC below 1800°C, but compares w ith values fo r  plutonium 
d iffus io n  (normally fas te r than U -d iffusion) in  hyperstoichiometric "techno­
lo g ica l"  carbides / 120/ .
The data could not be f i t te d  to Coble's /24 / intermediate stage s in te ring  
model fo r  volume d iffu s io n .
A number o f other workers have investigated the influence o f process para­
meters such as m illin g  conditions, type o f binder, composition o f s ta rtin g  
powder and s in te ring  atmosphere on the f in a l density o f power compacts, 
without looking a t the k ine tics  o f the s in te ring  process. A general d is ­
covery was tha t the p u rity  o f the atmosphere (w ith respect to  oxygen and 
water contents) under which the powders were prepared and stored, is  very 
s ig n if ic a n t, contents o f these im purities o f ^100  ppm being necessary to 
achieve high sintered densities /118/. Potter /1 21/ studied system atically
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the influence of oxygen contamination o f the f in a l density o f uranium and 
uranium-plutonium carbide powder compacts, and found in lin e a r decrease in 
density w ith increasing oxygen content, as measured a fte r  the s in te ring  in 
flowing argon. Other authors, fo r  example /1 22/, have found th a t, whereas 
oxygen remaining a fte r carbothermic reduction has l i t t l e  influence on f in a l 
density, the e ffe c t o f oxygen pick-up during powder processing in  storage 
is  considerable, suggesting tha t a surface contamination w ith oxygen impedes 
dens ifica tion .
The observation tha t wet m illin g  under xylene /1 18/, or w ith the addition 
o f s tearic  acid, b inder/lubrican t /1 19/, increases sintered densities confirms 
th is  view, as these additives could be expected to protect the powder sur­
face from oxidation.
A phenomenon encountered by a ll investigators is  the reduction o f carbon and 
oxygen contents during s in te ring  w ith the production o f carbon monoxide 
(except in the case o f powders w ith minimal oxygen contents). A re la tionsh ip  
is  found between the f in a l sintered density and the compositional change 
during s in te ring  - high density pe lle ts  having higher carbon and oxygen 
contents than low density pe lle ts  /1 16/. This is  c lea rly  due to the re la ­
tiv e  ease of escape o f CO from more porous p e lle ts , which lowers the CO 
p a rtia l pressure inside the p e lle t and encourages the reaction. This in ­
creases the d i f f ic u l t y  in  find ing  corre la tions between powder composition 
and s in te ra b il i ty ,  as the oxygen content o f the powder is  d i f f i c u l t  to 
determine due to the like lihood  o f oxidation during handling.
Carbonitrides and n itr id e s  have been the subject o f re la tiv e ly  few in ­
vestigations. Russian workers /1 24/ report the s in te ring  o f carbon itride  
powders, produced by carbothermic reduction in  a flu id ise d  bed, to  densities 
o f 93-95 % a t high temperatures (3 hours a t 1900°C), apparently w ithout 
m illin g . No mention o f the influence o f process variables is  made. In 
reference /1 13/ the co-s in tering o f ex-metal uranium carbide and n itr id e  
powders to densities o f 90-95 % is  reported, with no influence o f the 
ca rb ide /n itr id e  ra tio  on the density o f the f in a l product being observed.
In studies on uranium n itr id e  produced by the hydride -n itride  route /1 25, 
126/ i t  was found tha t the f in a l density depended upon the nitrogen p a rtia l 
pressure under which the s in te ring  was carried out. Lower nitrogen pressures
gave higher f in a l dens ities , which would not be expected from the known in ­
crease in  d iffu s ion  rates w ith increasing nitrogen pressure. This e ffe c t 
is  not explained by the authors.
At the Transuranium In s titu te  carbonitrides (w ith 15-20 % Pu) have been 
produced on a more or less routine basis fo r  several years. A fte r b a ll-  
m illin g  with s tea ric  acid , pe lle ts  w ith high green densities (70-75 % 
theo re tica l) have been sintered to densities o f >  95 % in  1 hr a t 1620°C 
under vacuum. However, despite careful a tten tion  to the reproduction o f a l l  
process variables the s in te ring  behaviour is  not always predictable. Occa­
sional batches exhibited poor s in te ra b il i ty  fo r  no obvious reason. I t  is  
fo r  th is  reason tha t i t  is  considered tha t a quan tita tive  investiga tion  
in to  the s in te ring  k ine tics o f these materials is  necessary.
3.5. D iffusion
Apart from the cases where p la s tic  flow and vapour transport are responsible 
fo r  s in te rin g , i t  is  contro lled by so lid  state d iffu s io n . Hence a knowledge 
of d iffu s io n  mechanisms and rates in the material o f in te re s t is  essential 
fo r  the in te rp re ta tion  o f s in te ring  experiments. Since the la rgest amount 
o f experimental work on d iffu s io n  in MX-type materials has been performed 
on uranium carbide th is  w i l l  be discussed in  d e ta il,  w ith a summary o f the 
e ffects of substitu tion  o f plutonium, nitrogen and oxygen.
A process such as s in te ring  w il l  depend upon the e ffec tive  molecular 
d if fu s iv i ty ,  which w i l l  be a function o f the s e lf  d iffu s ion  coe ffic ie n ts  o f 
the ind iv idual species in the m ateria l, given approximately by the expression
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fo r  a two-component compound o f type AB /1 27/. Hence, when one species is  
much slower than the other then the e ffe c tive  molecular d if fu s iv e ly  w i l l  be 
tha t o f the slower moving species. This is  the case in  uranium carbide 
where the large uranium atom is  very much less mobile than the small carbon 
atom. Only in the case where uranium transport by a fa s te r mechanism (e.g.
through the vapour phase) is  feasib le  could carbon d iffu s ion  be rate 
c o n tro llin g , so tha t when considering shrinkage-producing mechanisms a 
discussion o f metal atom d iffu s ion  is  s u ff ic ie n t.
Studies o f uranium d iffu s io n  in uranium carbide by d iffe re n t investigators 
show large discrepancies in values fo r  the d iffu s io n  c o e ffic ie n t. Accord­
ing to a recent review /23 / these are due to the e ffects o f varia tions in 
the carbon to uranium ra tio  and im purities in  the materials studied, so tha t 
only results fo r  well-characterised material are o f use.
D iffusion data fo r  p o lycrys ta lline  uranium carbide show an apparent increase 
in activa tion  enthalpy, A H , w ith temperature, which is  not observed in  very 
pure single crysta ls which e xh ib it a constant, high value /1 28/. I t  is  
concluded tha t a t high temperatures d iffu s io n  is  dominated by an in t r in s ic ,  
s ingle vacancy mechanism with AH = 141 frCals, and a t lower temperatures by 
an e x tr in s ic , im purity contro lled mechanism with AH = 84fcc;als. In the high 
temperature in tr in s ic  region (>1900°C) the e ffe c t o f varia tions in  metal 
to non-metal ra tio  (M/X ra tio )  has been studied /1 29/ showing a lin e a r in ­
crease in AH from 87/(reals a t X/M = 0.93 to 175/ccals at X/M = 1.07 or 
greater. The values o f the d iffu s io n  co e ffic ie n t f a l l  and rise  again w ith 
increasing carbon content, an as yet unexplained phenomenon. Im purities have 
been shown to enhance high temperature d iffu s io n , but the exact nature o f 
th e ir  e ffe c t, and tha t o f the X/M ra tio  a t temperatures in the s in te ring  
range (1500-1700°C) is  not understood (23/.
Plutonium in (U, Pu)C d iffuses somewhat fa s te r than uranium in uranium 
carbide due to . i t s  smaller atomic radius and the larger la t t ic e  spacing 
(which may also increase uranium d iffu s ion  in (U, Pu)C although th is  is  not 
known /2 3 /. Since the same e ffects  o f im purities and X/M ra tio  are observed 
a t high temperature then the mechanism o f plutonium d iffu s io n  is  probably 
the same as fo r  uranium.
*
Substitution o f nitrogen fo r  carbon reduces metal atom d if fu s iv it ie s  but the 
e ffe c t is  not great fo r  less than 50 % subs titu tion . D iffusion in  pure 
n itr id e s  is  d i f f ic u l t  to measure due to the e ffects  o f temperature and 
nitrogen pressure on composition (a va ria tion  w ith M/X ra tio  seems to e x is t 
/2 3 /) , but in  general metal atom d iffus ion  is  slower than in  corresponding
carbides, with an increase in d if fu s iv ity  w ith increasing nitrogen pressure.
Some studies on plutonium d iffu s ion  in hyperstoichiometric (U,Pu)(C,N) 
s im ila r to tha t investigated here have been performed in  the temperature 
range 1300°-1800°C. Two materials were investigated which d iffe re d  mainly 
in the amount o f m e ta llic  im purities. Their d iffu s ion  coe ffic ien ts  were 
found to be given by /1 30/.
D-j = 0.15 exp (-105,000/RT) cm2 sec"1
D2 = 0.11 exp (-118,000/RT) cm2 sec’ 1
where is  fo r  the material w ith higher im purities. This also showed an 
unexplained d iscon tinu ity  in the d iffu s io n  co e ffic ie n t a t about 1400°C, a 
pehnomenon which was also observed, a t temperatures between 1370° and
1630°C, in some, but not a l l ,  o f a group o f mixed carbides (w ith nitrogen
and oxygen im purities) studied by the same investiga tors.
Grain boundary d iffu s io n  coe ffic ien ts  are d i f f ic u l t  to measure and have 
not been extensively studied. For sto ichiom etric uranium carbide the grain 
boundary d iffu s io n  co e ffic ie n t has been determined to be:
Dgb =0 .18  exp (-74,900/RT) cm2/sec
and fo r  hypostoichiometric uranium carbide w ith X/M = 0.93:
Dgb = e x P ( ” 68,700/RT) cm2/sec
by analysis o f tracer data /1 31 / ,  which show A H ^  w ith in  the expected 
range of 0.5-0.8 times the volume d iffus io n  activa tion  enthalpy /1 32/.
The only value fo r  the surface d iffu s ion  co e ffic ie n t availab le is  fo r  
hypostoichiometric uranium carbide by grain boundary grooving g iving /1 33/
D$ = 5.6 x 10"8 exp (-31 ,400/RT) cm2/sec.
As previously stated, non-metal atom d iffu s io n  is  un like ly  to  be rate-: 
con tro lling  in  s in te rin g , and in the case o f nitrogen d i f f ic u l t  to  measure.
I t  is  in te res ting  to note, however, tha t the carbon d if fu s iv ity  is  also 
dependent on the X/M ra tio  and to im purities (0,N) on the non-metal 
la t t ic e .  Activation energies between 43 and 94 KCals have been determined 
and carbon d iffu s io n  is  always slower than metal atom d iffu s io n .
3.6. Creep
Creep is  a phenomenon closely related to s in te ring  and is  l ik e ly  to be con­
tro lle d  by s im ila r mechanisms - fo r  example volume d iffu s ion  contro lled 
s in te ring  may be regarded as a special case o f Herring-Naborro creep /1 34/ 
and p la s tic  flow mechanisms are analogous to d is location creep in  the in te r ­
p a rtic le  neck. A review o f creep in carbides and n itr id e s  is  therefore re le ­
vant to the in te rp re ta tion  o f s in te ring  experiments, p a rtic u la r ly  in  view 
of the scarc ity  o f data on s in te ring  in these m aterials.
Primary creep is  p a rtic u la r ly  relevant to s in te ring  but has been the subject
o f few investiga tions. In a study by Matthews /1 35/ on s lig h t ly  hyper-
sto ichiom etric uranium carbide single c rys ta ls , tha t contained a small
amount o f d icarbide, two types o f behaviour were observed. In the f i r s t  case
the dicarbide p rec ip ita te  was retained and a power law dependence o f s tra in
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rate on time was observed w ith € t  * , up to 2 % creep s tra in . In the
other case the dicarbide disappeared during te s tin g , where la rger primary
creep stra ins were observed. In sto ich iom etric po lyc rys ta lline  samples
-0 4/136/ a power law was also found w ith 6  t  * , where an ac tiva tion  energy 
o f 80 KCals was observed, corresponding to carbon d iffu s ion  or uranium grain 
boundary d iffu s io n .
Secondary, or steady-state creep, has received considerably more a tte n tion . 
Most studies have been performed on uranium carbide w ith much less a tten tion  
having been paid to plutonium-containing m ateria ls, carbonitrides and 
n itr id e s . The studies are notable fo r  the very wide va rie ty  o f k ine tics  
which have been observed by d iffe re n t investiga tors.
I t  is  usual to f i t  steady state creep data to  an empirical equation o f the 
form:
£  = A 0 “  n exp (-Q/RT)
where £  is  the s tra in  ra te ,c P  the stress, Q an activa tion  energy and n a 
numerical constant. Theoretical models pred ict a va rie ty  o f values fo r  n 
and Q fo r  d iffe re n t mechanisms; Routbort /23/ publishes a table giving 
valves o f n between 1 and 4 .5 , w ith Q being equal to the activa tion  
enthalpy fo r  the appropriate d iffu s io n  mechanism. ( I t  should be mentioned 
tha t creep models e x is t which pred ict other than a power law stress 
dependence, e.g. /1 37 /.)
Published data fo r  uranium carbide and uranium-plutonium carbide show values 
of n from 0.35 to 6 and Q from 38-240 /fcal s/mol so i t  is  c lear tha t a number 
o f d iffe re n t mechanisms may operate depending on the exact state o f the 
material and the conditions o f the experiment, as discussed below. In 
p a rticu la r stiochiom etry, m e ta llic  im purities and temperature and stress 
ranges seem important in  determining the ra te -co n tro llin g  mechanisms. With 
regard to stoichiom etry, many investigators have used material in  which 
higher carbides or a m eta llic  phase must have been present in  the temperature 
range which they investigated. The values o f ac tiva tion  energy determined in 
these cases are suspect because the amounts o f second phase may vary w ith 
temperature.
Three investigations on single crysta ls o f uranium carbide, in  which only 
d is location  mechanisms can be o f importance due to the large d iffu s io n  
distances involved, showed high values o f n (6- 12) and a wide range o f 
ac tiva tion  energies - from 69 to 135 itc-als /1 38/. In each case a d iffe re n t 
stress range was involved, the highest ac tiva tion  energy being reported fo r  
the highest stress range. Thus even in th is  stra ightforward case a number 
o f ra te -co n tro llin g  mechanisms must be involved, probably d is loca tion  climb 
with d iffus ion  in  the d is location  core a t lower stresses and climb con­
tro lle d  by bulk d iffu s io n  a t higher stresses /1 39/.
In the case o f po lyc rys ta lline  samples, which have been the subject o f most 
studies, the va rie ty  o f results  is  even greater. The e ffe c t o f varying 
stoichiometry has not been studied system atically /23 / but one can roughly 
d is tingu ish  between results  on hypo- and hyper-stoichiometric m ateria l. 
Hypostoichiometric samples show creep rates which may be up to  three or
four orders o f magnitude higher than in carbon-rich material /2 3 /. Low 
activa tion  energies of around 45 KCals seem to be typ ica l (e.g. /140/) 
together w ith low values of n (1.0 in /140 /). Control o f creep in  these 
cases has been a ttribu ted  to carbon monovacancy d iffu s io n , uranium trans­
port being effected, by d isso lu tion  o f free uranium from the grain boundaries 
/141 /.
Hyperstoichiometric p o lyc rys ta lline  carbides seem to show two types of 
k ine tics . Two studies covering a fa i r ly  wide range o f stress (13-54 MN/m2) 
and the temperature range 1100-1400°C gave n = 2.3 and 1.8, and Q = 44 and 
49 kcals /142, 143/. However, other investigators /138, 144, 145/, although 
they found s im ila r values o f n (2-2.5) reported much higher activa tion  
energies, between 115 and 141 /reals and in  one case /144/ a temperature 
dependent activa tion  energy varying from 80 to  240 /reals. The former two 
investigators used arc-cast material and the la t te r  three sintered samples 
but in a l l  cases the carbon contents were such tha t they should have been 
single phased. The values o f n suggest a grain boundary s lid in g  mechanism 
as proposed by Langdon /146/, but the d ifference in  activa tion  energies has 
not been explained.
Other investigators have used material in  which the carbon content was so 
high as to ce rta in ly  have caused the presence o f higher carbides in  th e ir  
samples. In one case /141/  a d is tin c tio n  could be made between a low tempera­
tu re , low stress mechanism w ith Q = 69 /reals and n = 1.8, and a high tempera­
tu re , high stress mechanism where Q = 142/reals and n = 4.18. However, the 
va ria tion  in  carbon content between samples used in th is  investiga tion  
makes the o rig ina l analysis suspect /1 38/.
Investigations in  s lig h t ly  hyperstoichiometric plutonium-containing carbides 
/142, 145, 147/ a l l  showed higher activa tion  energies (100-126 /reals) and 
n = 1.4-2.4, where the ac tiva tion  energies compare well w ith the ac tiva tion  
enthalpies fo r  volume d iffu s io n  in mixed carbides measured by Matzke and 
Bradbury /1 30/. A ll experiments were performed on sintered m ateria ls. Strain 
rates fo r  Pu-containing carbides are generally fa s te r than fo r  uranium 
carbide according to  Routbort /23 / although K ille y  /140/ found no d iffe rence.
Studies on n itr id e s  are d i f f ic u l t  to in te rp re t because o f the dependence o f
composition w ith temperature leading to doubts as to the deduced values o f 
ac tiva tion  energies (values between 60 and 100 KCals are tabulated in 
/2 3 /) . In general, contrary to the ind ications o f d iffu s ion  data, n itr id e s  
creep fa s te r than carbides. A study on carbonitrides o f various nitrogen 
content showed a rapid increase in creep rate going from UC to UCq yg Nq 
with a minimum in creep rate fo r  UCq 23 Nq No ac tiva tion  energies were 
determined.
In both carbides and n itr id e s  im purities have been found to influence creep, 
in  p a rticu la r Zr, N i, and W. A detailed study o f the e ffe c t o f various con­
centrations o f nickel was made by Hall /1 38/ who found tha t small additions
of nickel up to 0.1 % by weight increased creep rates by a fa c to r o f up to 
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10 , depending on the amount added. In teresting  results  were also observed 
fo r  la rger additions ( 1 .%) where very large and rapid primary stra ins were 
observed, a ttrib u te d  to a "s o ft1' second phase a t the grain boundaries. Sub­
sequently, p a rtic u la r ly  high second stage activa tion  energies were observed 
(up to 250 KCals) fo r  which no explanation was offered.
Zirconium and tungsten, on the other hand, decrease creep ra tes, ac tiva tion  
energies up to 155 KCals being measured /148/, although N i, W, and Zr a l l  
have been observed to enhance d iffu s io n . A possible explanation is  the 
formation o f a dispersed second phase which impedes d is location  motion.
To conclude: due to the lack o f systematic study, p a rtic u la r ly  in to  the 
influence o f stoichiometry i t  is  not possible to present an overall 
description o f the e ffects o f the various s ig n if ic a n t parameters on the 
k ine tics o f creep. A ll tha t is  certa in  is  tha t no single mechanism 
controls creep except under very lim ited  conditions.
Chapter 4
Experimental Procedures
4.1. Plan and Organisation of Experiments
During the course of the project the s in te ring  k ine tics  o f four batches of 
material were investigated. However the f i r s t  three batches, w ith the 
numbers N45, C46, and C39 can be regarded as o rien ta tion  experiments and 
only results fo r  the la s t batch are reported and discussed fu l ly .  This 
batch had the number C63.
A fte r preparation of the powders, investigations in to  th e ir  p a rtic le  size 
d is tr ib u tio n s  were made using a number o f techniques. The shrinkage behaviour 
o f compacts o f these powders were then investigated under a va rie ty  o f 
conditions, concentrating on the in i t ia l  stages o f s in te ring . In the case o f 
batch C63 the influence o f a heat-treatment under hydrogen on the subsequent 
s in te ring  k ine tics was also investigated. During the la te r  stages o f the 
pro ject a scanning electron microscope in an oc -active  f a c i l i t y  was a v a il­
able and used to investigate s truc tu ra l development during the in i t ia l  stages. 
Chemical analyses and X-ray d iffractom etry were also used to study compo­
s itio n a l changes during s in te ring .
4.2. Preparation o f'M ateria l
The carbonitride powders, o f nominal composition (Uq g, PUq 2 ^ 0  g» Nq 2)* 
were made by the technique o f carboreduction o f a mixture o f uranium and 
plutonium oxides. The raw materials used were:
U308 : (from USAEC) spec ific  surface 9.6 m2g"1
Pu09: produced by decomposition o f oxalate, 8-10 m2g"1
-1carbon: KropfmUhle "AF Spezial" o f 99.95 % p u rity  w ith 9.8 m2g .
This was dried a t 200°C before use.
These were mixed in the fo llow ing proportions by weight:
U308: 70.6 %
Pu02: 17.6 %
C: 11.8 %
using a mechanical blender. P articu la r care was exercised during the weight­
ing and mixing to ensure homogeneity o f the mixture and to avoid loss o f 
m ateria l. Total batch sizes were o f the order o f 0.5 kg.
The oxide-carbon mixture was then pressed in to  discs approximately 20 mm in 
diameter and 5 mm th ic k , using a force o f 0.25-3 MN (2.5-3 tonnes). Theo
densities o f these discs were around 3.5 Mgm (ca. 30 % dense). To ensure 
microhomogeneity of the m ixture, they were crushed, passed through a 125 pm 
sieve, and re-pressed.
i*e|
In the case of batch C39 the influence o f varyAthe pressing force between 
0.22 and 0.6 MN on the composition a fte r  carbothermic reduction was in ­
vestigated, but no s ig n ific a n t d ifference could be determined.
- 1Carbothermic reduction was carried out in  a dynamic vacuum o f between 10 
and 10 Torr in  an induction furnace equipped w ith a CO gas analyser in  
the exhaust gas stream. The temperature programme used and the resu lting  
CO evolution are shown in Fig. 4.1. Chemical analyses showed the reaction 
product to have the fo llow ing composition:
U + Pu 95.12 %
Pu 18.42 %
C 4.316/4.474%
N ‘ 0.05 %
0_____  0.43 %
(in  the case of the batch, C 63, used fo r  the p rinc ip le  series o f
experiments)
N itr id in g  was performed a t 1600°C fo r  20 hours in  a flowing nitrogen-argon 
mixture w ith a nitrogen p a rtia l pressure o f 2 Torr. The gas flow  rate was 
120 1/h. • Further CO-evolution occurred during th is  step as shown in
_ o
Fig. 4.2. The n itr id in g  was followed by a short vacuum (10 Torr) treatment 
a t 1500°C. The composition o f the resu lting  carbonitride was (again fo r  C63):
U30g: 70.6 %
Pu02: 17.6 %
C: 11.8%
using a mechanical blender. P articu la r care was exercised during the weight­
ing and mixing to ensure homogeneity o f the mixture and to avoid loss o f 
m ateria l. Total batch sizes were o f the order o f 0.5 kg.
The oxide-carbon mixture was then pressed in to  discs approximately 20 mm in 
diameter and 5 mm th ic k , using a force o f 0.25-3 MN (2.5-3 tonnes). The
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densities o f these discs were around 3.5 Mgm (ca. 30 % dense). To ensure 
microhomogeneity of the m ixture, they were crushed, passed through a 125 pm 
sieve, and re-pressed.
In the case o f batch C39 the influence o f vary the pressing force between 
0.22 and 0.6 MN on the composition a fte r  carbothermic reduction was in ­
vestigated, but no s ig n ific a n t d ifference could be determined.
-1Carbothermic reduction was carried out in a dynamic vacuum o f between 10 
_2
and 10 Torr in an induction furnace equipped w ith a CO gas analyser in  
the exhaust gas stream. The temperature programme used and the resu lting  
CO evolution are shown in Fig. 4.1. Chemical analyses showed the reaction 
product to have the fo llow ing composition:
U + Pu 95.12%
Pu 18.42 %
C 4.316/4.474 %
N ' 0.05%
 0 0.43%
(in  the case of the batch, C 63, used fo r  the p rin c ip le  series o f
experiments)
N itr id in g  was performed a t 1600°C fo r  20 hours in  a flow ing nitrogen-argon 
mixture w ith a nitrogen p a rtia l pressure o f 2 Torr. The gas flow  rate was 
120 l /h .  .F u rth e r CO-evolution occurred during th is  step as shown in
Fig. 4.2. The n itr id in g  was followed by a short vacuum (10 Torr) treatment
a t 1500°C. The composition o f the resu lting  carbonitride was (again fo r  C63)
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U + Pu 94.73 % 
18.17 % 
3.906 % 
1.18 % 
0.08 %
A fte r breaking-up the reaction products in  a "coffee grinder"* 1.00 % by ; 
weight o f s tea ric  acid was added and the mixture was m illed in  a ro tary 
ba ll m il l .  At in te rva ls  the m illin g  was in te rrup ted , the powder allowed to 
cool fo r  several hours (a temperature o f 40-50°C was attained during m ill in g ) ,  
and sample pe lle ts  pressed. The densities o f these compacts were determined 
by micrometer measurements and weighing.
With increasing m illin g  time the densities o f the compacts increased, reach­
ing a maximum and then fa ll in g  s l ig h t ly ,  as shown in Fig. 4 .3 , which also 
shows the sintered density a fte r a fixed s in te ring  programme as a function 
o f m illin g  time. The basic form o f th is  curve was the same fo r  each batch, 
but the rate o f m illin g  varied considerably according to the amount o f 
charge. A point was then reached in  m illin g  a fte r which the powder was 
found to c ling  to the sides o f the m ill and b a lls , and no fu rth e r change 
in  powder properties could be determined. Larger batches o f powder were 
removed from the m ill and pressed in to  pe lle ts  before the maximum density 
was reached, a t the maximum, and at the end o f m illin g .
The pe lle ts  were cy lin d rica l o f approximately 6.5 mm diameter and 7 mm long. 
A double-ended hydraulic press was used w ith a pressing force o f 0.5 MN 
(14 GNm'1).
A ll powder handling operations a fte r  carbothermic reduction were carried out 
in  nitrogen gloveboxes, in  which the water vapour and oxygen contents were 
kept below 100 ppm. The pe lle ts  were stored in  gas-tigh t containers in  th is  
glovebox chain.
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4.3. Powder Characterisation
The determination o f the powder p a rtic le  size and size d is tr ib u tio n , which 
was considered necessary fo r  the evaluation o f the shrinkage data, proved 
to be a d i f f ic u l t  task. A number o f methods were tr ie d  but the p o s s ib ilit ie s  
were lim ite d , not only by the fa c t tha t the p a rtic le  size proved to l ie  
around one micrometer diameter, a p a rtic u la r ly  d i f f ic u l t  size range, but 
also by the lack of apparatus in <X-active  fa c i l i t ie s .  R ea lis tic  tests o f 
new techniques could not be performed "inac tive " as substitu te  carbides such
as UC are pyrophoric and must be handled in in e r t atmospheres in any case.
The fo llow ing techniques were evaluated:
- Optical microscopy
- X-ray d iffra c tio n  lin e  broadening
- Scanning electron microscopy
The procedure and results fo r  each are discussed together.
Optical Microscopy
Samples from batch C39 a fte r  23, 70 and 80 hours m illin g  were analysed w ith 
the aid o f th is  method. Small quantities o f powder were dispersed in  xylene 
and deposited on a microscope s lid e . Photomicrographs taken a t a magnifica­
tio n  o f 160X were analysed with a Quantimet automatic image analyser, which 
measured more than 500 pa rtic les  fo r  each sample. The results are presented 
as a series o f histograms in Fig. 4.5. The mean equivalent spherical d ia ­
meters on a projected area basis were:
23 h: 3.75 pm
70 h: 2.74 pm
80 h: 1.94 pm
However, the shape o f the histograms, showing a sharp c u t-o ff a t the l im it  
o f resolution o f the microscope, indicates th a t a large number o f pa rtic les  
may l ie  below th is  l im it .  The method was therefore not used fo r  subsequent 
batches.
Mg. 4 .b : ra r t ic ie  Mze Distribution by uptical Microscopy
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Fig. 4.6: P a rtic le  Size by Scanning Electron Microscopy
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Scanning Electron Microscopy
Toward the end o f the project a scanning electron microscope in  an Of-active 
f a c i l i t y  became available and was tr ie d  fo r  p a rtic le  size analysis on 100 h- 
m illed powder from batch C63. I t  was found to be d i f f ic u l t  to prepare the 
sample so tha t a low degree of agglomeration was present. The best results 
were obtained using a commercial non-aqueous medium "Sedisperse B", normally 
used fo r  sedimentology, which was sprayed onto a transmission electron 
microscope sample g rid . Photographs were taken o f areas selected a t random 
and the diameters o f a l l  the pa rtic les  shown measured by hand. The results  
are presented in the form o f a histogram in  Fig. 4.6. Despite the higher 
resolution the results are s im ila r to those obtained by optica l microscopy 
fo r  C39, so tha t the application o f the la t te r  method to a l l  powders 
would have yielded useful information.
X-Ray Line Broadening
The method o f X-ray lin e  broadening was used to determine the c ry s ta l l i te  
size o f batches C39 and C63. In the case o f batch C39 Stoke*s method o f 
Fourier transforms was used to correct the lin e  p ro file s  fo r  instrumental 
broadening. I t  was, however, found tha t the simpler method o f using the 
in tegra l breath gave p ra c tica lly  iden tica l re su lts . Hence the la t te r  method 
was applied to the results from C63, which are given below:
m illin g  time c ry s ta l l i te  diameter, nm
0
10
20
35
50
70
90
100
100
45.6
52.4
48.5 
24.4
19.6 
17.0 
12.2
These resu lts  apparently indicate th a t, although the mean c ry s ta l l ite  size is 
more than an order o f magnitude smaller than the mean p a rtic le  size, tha t the 
c ry s ta llite s  are broken up during ba ll m illin g . This does not seem l ik e ly ,  so 
tha t the increase in lin e  broadening is  be tte r a ttribu ted  to an increase in  
defect concentration.
4.4. Shrinkage Measurements by Dilatometry
Apparatus
For the investigations on the f i r s t  three batches a simple, horizontal push- 
rod dilatometer was used, w ith an alumina measuring system and heated by a 
rhodium wound muffle furnace, which gave a maximum temperature o f around 
1500°C. This was found to be inadequate, but extensive m odifications, in ­
cluding a graphite-element furnace and tungsten measuring system, while giving 
sa tis fac to ry  temperature performance, introduced thermal expansion problems 
which seriously affected the accuracy.
For the experiments on batch C63 a high temperature d if fe re n tia l d ilatom eter 
was therefore obtained, and modified fo r  use w ith active m ateria ls. With a 
d iffe re n tia l dilatometer the problems a ris ing  from thermal expansion o f the 
measuring system are considerably reduced. The te s t sample and a standard 
o f known thermal expansion are positioned side by side in the hot zone o f the 
furnace and length changes are transmitted by two iden tica l push-rods to a 
transducer which produces an output proportional to the d ifference between 
the lengths of the samples.
The push-rods were of tungsten, only two m illim eters in diameter to  reduce
weight and counterbalanced by a system o f springs and pulleys. The load on 
the sample necessary to overcome f r ic t io n  in the push-rod bearings was around 
0.25 N. The furnace was a tungsten resistance furnace with a c y lin d r ic a l 
heating element surrounding the samples (see Fig. 4 .4 ).
Temperature measurement was by means o f a W/5 % Re-W/26 % Re thermocouple
whose hot junction was between the sample and standard, about 3 mm away 
from th e ir  surfaces. A water-cooled part o f the dilatometer served as a 
cold junction  and the emf. was measured w ith a potentiometric chart 
recorder. In the case o f the Dorn method a hand compensating potentiometer 
accurate to - 0.005 mV was used. A proportional temperature c o n tro lle r , 
regulated by a 15-step programmer, u t il is e d  the output o f the same thermo­
couple.
.3
A vacuum o f down to 10 Torr was provided by a two stage ro tary pump rated
Fig. 4 .4 : Dilatometer Sample Holder
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3 -1at 10 m h pumping through an absolute f i l t e r .  F a c ilit ie s  were provided 
fo r  operating under in e rt or reducing atmospheres.
C alibration o f the instrument was performed by means o f a set o f length 
standards, made fo r  the purpose, whose lengths were known to be tte r than 
1 pm. The transducer am p lifie r was then adjusted so tha t a re la tive  length 
change o f 1 pm was represented by 1 mm on the chart recorder. However, the 
transducer deviated from lin e a r ity  over i t s  range o f 3 mm, so tha t the 
actual magnification o f the system varied from X980 to X1020. Another cause 
of inaccuracy was the d iffe re n t thermal expansion o f the two sides o f the 
measuring system, presumably caused by an asymmetric temperature d is tr ib u tio n . 
The magnitude of th is  e rro r was determined by heating two iden tica l tungsten 
samples. Although the deviation from a lin e a r base lin e  below 1000°C was 
found to be as much as 30 pm, above th is  temperature, where a l l  the measure­
ments were made, the maximum deviation was 10 pm. This was checked a t 
periodic in te rva ls .
Procedure
Shrinkage measurements were made on the pressed compacts using the constant- 
ra te-of-heating (CRH), isothermal and Dorn techniques, the p rinc ipa ls  o f 
which were described in the theore tica l discussion. The experimental d e ta ils  
fo r  batch C63 are described here; the technique used with the simple 
dilatometer did not d if fe r  s ig n if ic a n tly .
The standards used were carbonitrides o f s im ila r composition to the batch 
being studied,* which had been sintered a t 1700°C fo r  18 hours before use.
Thus the thermal expansion o f the samples themselves did not have to  be 
taken in to  account in the in te rp re ta tion  o f the resu lts . The standards them­
selves did not change th e ir  dimensions by more than a few micrometers over 
a series o f a dozen or so runs. A number o f d iffe re n t lengths were a v a il­
able, so tha t the lengths o f te s t sample and standard did not d i f fe r  too 
g rea tly , the standards being chosen to have about the average length o f 
the sample during s in te ring .
For the CRH experiments a standard heating up programme was used in  which 
the sample was f i r s t  heated w ith 24°C/min to  400°C, a t which temperature i t
was held fo r  30 minutes. I t  was then heated fu rth e r a t 24°C/min to 1200°C, 
whereafter heating continued a t a chosen constant rate between 1°C/min and 
18°C/min to a maximum, in most cases, o f 1685°C. This procedure was employed 
to ensure th a t, fo r  each sample, e lim ination o f the stea ric  acid binder 
occurred to the same degree, and to  speed up runs a t lower heating rates.
In the case o f the isothermal measurements, a fte r  the pause a t 400°C, the 
samples were heated a t the fas tes t possible rate (ca. 33°C/min) to the 
desired temperature, in  order to l im it  the amount o f shrinkage occurring 
during heating up. Samples used fo r  the CRH runs were also held a t the maximum 
temperature attained in order to gain information on the intermediate and 
f in a l stages o f s in te ring .
For the Dorn method, the same procedure was followed as fo r  the isothermal 
experiments, except th a t, a fte r  reaching temperature, a t 6-minute in te rva ls  
the temperature was a lte rna te ly  raised and lowered by about 50°C. As the 
value of A.1 is  important in th is  type o f experiment, the thermocouple em-f 
was measured by a hand compensating potentiometer, accurate to - 0.005 mV 
(ca. - 0.25°C), a fte r  each temperature change.
Hydrogen Treatment
A heat treatment under hydrogen on sintered carbide pe lle ts  is  known to 
reduce the amount o f higher carbides w ith the formation o f hydrocarbons 
/149/. At the Transuranium In s t itu te , pe lle ts  thus treated had been found to 
s in te r to higher densities, and a d ila tom etric  investiga tion  in  the early 
stages o f th is  pro ject showed tha t a fte r  the treatment shrinkage rates were 
considerably fa s te r.
In order to investigate th is  phenomenon, a number o f pe lle ts  from batch C63 
were subjected to such a treatment p r io r to  investiga ting  th e ir  s in te ring  
behaviour in  the same manner as fo r  untreated p e lle ts . The treatment was 
carried out in  the dilatometer i t s e l f  d ire c tly  before s in te ring  as the 
treated pe lle ts  were too fr ia b le  to be handled. The temperature o f the t re a t­
ment was 950°C and the time 4 hours, a t a hydrogen flow  rate o f 1.51/min 
and a pressure o f 900-1000 Torr. Subsequent s in te ring  was under vacuum, as 
fo r  the untreated samples, using the CRH, Dorn and isothermal techniques.
4.5. Investigation o f Structural and Compositional Changes
In order to help in te rp re t the results o f the d ila tom etric  shrinkage ex­
periments, i t  was decided to investigate the s tructu ra l and compositional 
changes occurring during the in i t ia l  and intermediate stages in  both H2- 
treated and untreated p e lle ts . A number o f samples were heated in  the 
dilatometer a t 2.3°C/min as fo r  a CRH experiment, and rap id ly  cooled (by 
cu tting  the furnace power supply) as soon as a predetermined shrinkage was 
reached. The samples were weighed and measured before and a fte r  s in te ring  
(as were a l l  pe lle ts ) so tha t a record o f weight loss during s in te ring  could 
be made. They were then subjected to the fo llow ing investiga tions:
a) Chemical analysis
b) X-ray d iffractom etry
c) Scanning electron microscopy
As i t  was found tha t the equivalent carbon content could not be precisely 
determined by means o f ind iv idua l analyses o f carbon, oxygen and n itrogen, 
due to the summation o f the errors fo r  each analysis, i t  was decided to 
determine the to ta l metals content (U+Pu), and to deduce the non-metals 
content (C+N+0) by subtraction.
X-ray d iffractom etry was employed to determine the presence and quantity o f 
phases other than monocarbonitride. The f i r s t  series o f results showed an 
unexpected sca tte r, so tha t fresh pe lle ts  were prepared, and samples taken 
a fte r crushing and mixing each whole p e lle t,  in  order to  avoid inconsisten­
cies resu lting  from an inhomogeneous d is tr ib u tio n  o f phases. The d if f ra c to ­
metry was performed by the X-ray analysis department o f the Transuranium 
In s titu te .
Scanning electron microscopy was performed by the electron microscopy 
department a t the Transuranium In s t itu te , in  a newly created a -a c tiv e  
fa c i l i t y .  Examinations were made o f fresh ly  fractured surfaces on the 
specimens, and photographs taken o f areas which were considered to be 
typ ica l o f the frac tu re  surface as a whole. Energy dispersive analysis showed 
a homogeneous d is tr ib u tio n  o f uranium and plutonium over the surfaces and 
could detect no trace o f m e ta llic  im purities.
Specific surface measurements were performed on batch C46 using a commercial 
1)apparatus . This u t il is e d  argon as the adsorband gas and determined 
vo lum etrica lly  the amount o f gas adsorbed a t a pressure o f 60 Torr and 
77.3°K, thus determining one point on the BET curve. The instrument is  
ca librated by means o f standards.
I t  was intended to use the spec ific  surface values obtained fo r  p a rtly  
sintered pe lle ts  to determine the rate o f in te rp a rtic le  neck growth as 
described in Section 2.2.4. The results obtained were:
% lin e a r shrinkage spec ific  surface, m2/g 
unsintered powder 0.55
Thus the compact which has already shrunk by 0.7 % apparently exh ib its  a 
higher spec ific  surface than the unsintered powder. This paradox would be 
explained by adsorption in microspores in  the sintered compact resu lting  
in  fa ilu re  to obey the BET-equation, which cannot be detected by the s ing le ­
point method used.
2The value o f 0.55 m /g fo r the powder corresponds to a p a rtic le  diameter fo r 
equisized spherical pa rtic les  of around 1 jum, about the same as the mean 
p a rtic le  diameter measured on to ta l C63 by scanning electron microscopy, thus 
supporting the view tha t the measurements o f the p a rtly  sintered compacts 
cannot usefu lly  be evaluated.
Therefore, no fu rthe r measurements were made.
0.7 % 
1.15 % 
1.8  % 
2.55 %
1.65
1.05
0.55
0.65
1) Leybold 'Areatron'
Chapter 5 
Results
5.1. Structural and Compositional Changes during Sintering
By heating 100-hour m illed samples w ith a constant heating rate (2.4 C/min) 
to various lim it in g  temperatures, samples were obtained w ith varying 
degrees of shrinkage and dens ifica tion . Scanning electron micrographs o f 
these samples are shown in Figs. 5.1 and 5.2.
The f i r s t  sample, exh ib iting  only 0.25 % lin e a r shrinkage shows very l i t t l e  
sign o f contact growth between the partic les  (although some must e x is t, as 
the compact already had some strength). This amount o f shrinkage is  c le a rly  
due to the removal o f the binder during heating up. At 0.5 % shrinkage, 
altnough the density has remained much the same due to weight loss, a 
considerable amount o f neck formation has taken place. This does not seem 
to be uniform; whereas a number o f the pa rtic les  form a continuous skeletal 
structu re , giving rise  to larger fracture  surfaces, others appear to be 
only loosely attached. By 1 % shrinkage (73.5 % density) a ll the pa rtic les  
have formed a continuous network and by 3.25 % (80 % density) the structure 
is  better described as a matrix o f material interspersed with a network o f 
tubular pores.
In the in i t ia l  stages i t  is  c lear tha t neckgrowth does not progress uniform ly 
between a ll neighbouring pa rtic les  and tha t some p a rtic le  rearrangement as 
described by Exner /  6 /  must be taking place. The tra n s itio n  to an intermediate 
stage structure  c le a rly  takes place between 1 % and 3.25 % shrinkage - 
although the in i t ia l  stage models o f Johnson and others (c h .l)  are 
considered to be va lid  up to over 3 % shrinkage. The reason fo r  the early 
tra n s itio n  in  th is  case is  probably the high green densities.
Since the scanning electron micrographs are not o f plane sections, and do 
not reveal grain boundaries, the grain sizes and pore diameters cannot be 
accurately quantified . However i t  is  c lear tha t between 74 % and 84 % 
density a coursening o f the structure takes place. An estimate made 
assuming a l l  the pores l ie  on grain boundaries is  tha t the average grain 
diameter grows from 3 jtim to 6 /jm and the average pore diameter from 2/3 jum
to 1 jum. The higher grain size estimate is  supported by the optica l micrograph 
a t 84.5 %9 which shows a grain size of 6 jum, and the lower by the in i t ia l  
powder p a rtic le  size.
The appearance o f the compact d ire c tly  a fte r  the hydrogen treatment is  
very d if fe re n t to tha t o f the untreated compact exh ib iting  the same amount 
o f shrinkage. Here the la rger pa rtic les  seem interspersed w ith a considerably 
f in e r  powder the form of which cannot be discerned owing to in s u ff ic ie n t 
resolution . The structures a t 74 % and 78.5 % density are, on the other 
hand much more closely related to the "untreated" structures. The difference 
between "untreated" and "treated" structures is a t the lower density small, 
however a t the higher densities the "’treated" compact exhibites a f in e r  structure
with smaller pores. The grain s ize , so fa r  as i t  can be estimated, has
changed l i t t l e  between 74 % and 78 %.
The results o f chemical and X-ray analysis o f s im ila r samples are given
below.
Mt.% non-metal!ic elements (C + N + 0)
Sample No. Max. Temp. Shrinkage % Density % C + N + 0
D79 1250 0.3 72.7 5.54
D80 1415 0.5 72.7 5.49
D76 1540 0.9 73.6 5.23
D78 1540 2.4 77.3 (4.99-5.56)
D81 1750 3.2 79.8 5.15
The results are the average o f two analyses fo r  each sample, which agreed 
w ith in  0.05 %, except fo r  D78.
X-ray d iffra c tio n
Sample No. Max. Temp. Shrinkage % Density % % M£C3
D91 1410 0.5 72.8 18
D96 1550 0.9 73.7 5
D94 1650 1.8 74.5 4
D92 1750 (15 min.) 4.3 82.7 0
I t  can be seen tha t the in i t ia l l y  present sesquicarbide disappears during 
the in i t ia l  stages o f s in te ring . This corelates with the chemical analysis 
above and the CO evolution which can be observed when s in te ring  larger 
batches. C learly a reaction o f rej/Woxygen with excess carbon is  responsible
Fig. 5.1: Evolution o f M icrostructure during I n i t i a l  Stage of S intering
Carbonitride Batch C63 100 h. No H2-Treatment Nominal 
Magnification 5000X.
3175 L4-5 0.25 % shrinkage 3447 L4-7 0.5 % shrinkage
3364 L4-16 0.95 % shrinkage 3363 L4-9 3.25 % shrinkage
3446 L4-14 4.1 % shrinkage
Fig. 5.2: Evolution of M icrostructure during In i t ia l  Stage of S intering
Carbonitride Batch C63-100 h. With H2 Treatment. Nominal 
Magnification 5000 X
3362-L4 0.25 % shrinkage 3362-L4-5 0.25 % shrinkage
X 10000
3444-L4-2 1.8 % shrinkage 3645-L4 2.4 % shrinkage
5.2. Shrinkage Behaviour under Isothermal Conditions
As the pro ject concentrated on the use o f the constant rate o f heating 
(CRH) method only a few samples were sintered isotherm ally. The results 
are nevertheless s ig n if ic a n t. Fig. 5.3 shows the increase o f re la tive  
density w ith time o f samples not treated under hydrogen. The density was 
calculated from the shrinkage recorded on the dilatometer p lo t using the 
expression:
d = d0/(1 -3  y)
where dQ is  the s ta rtin g  density and y the frac tion a l shrinkage. The ex­
pression ignores terms in y2 and above and assumes iso trop ic  shrinkage. In 
fa c t the diametrical shrinkage was always greater by a fac to r between 1.05 
and 1.15. However the two approximations tend to cancel and the accuracy 
o f the measurements did not, in  any case, warrent greater precision. dQ was 
calculated from the o rig ina l dimensions and f in a l weight o f the sample as 
investigations o f the weight loss during s in te ring  (Section 5.1) show tha t
the greater part occurs during the f i r s t  few percent o f dens ifica tion . The
4 -3 -3theore tica l density was taken as 1.37 x 10 Kgm (13.7 gem ).
Fig. 5.3 shows tha t in i t ia l l y  the density increases a t a s tead ily  decreasing 
rate. This is  followed by a period, between 75 % and 85 % density, in  which 
the density increases lin e a r ly  w ith time. Above 85 % the dens ifica tion  rate 
decreases again.
Fig. 5.4 shows the isothermal behaviour o f a sample a fte r  the hydrogen
treatment. In th is  case, a fte r a s lig h t in i t ia l  acceleration, the densifica­
tion  rate is  constant up to about 87 % density, a fte r  which the rate de­
creases rap id ly . The rate o f densifica tion  during the lin e a r phase is
-5 -1considerably greater (5.8 x 10 s ) than tha t o f an untreated sample a t
_r _ a
the same temperature (3.0 x 10 s ).
Fig. 5.5 shows the i n i t i a l ,  non lin e a r, behaviour o f untreated samples as
a log(shrinkage) against log (time) p lo t, the s tra ig h t lines were drawn to 
give the best f i t  a t higher shrinkages, as the e rro r here is  lowest. The 
slopes have an average value o f 2.33, so tha t th is  stage o f s in te ring  can 
be represented by:
y = K(T) t 2*33
Fig. 5 .3 : Isothermal Densification o f Untreated Compacts
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under isothermal conditions.
The results  above 85 % density (only available a t 1695°C) are shown as a 
logarithm ic p lo t o f density against time in Fig. 5.6 and as a p lo t o f 
( 1/p n _ 1/Pp) against time in  Fig. 5.7 where P is  the frac tiona l porosity. 
The former p lo t is  relevant to Coble's intermediate-stage s in te ring  equation 
and the la t te r  to Kuczynski's. These w il l  be discussed in the fo llow ing 
chapter.
5.3. Shrinkage Behaviour under Constant Rate o f Heating
The data obtained under CRH conditions are shown as plots o f In ty ^ fa g a in s t 
1/T fo r  the 50-hour and 100-hour m illed powders and fo r  those treated under 
hydrogen in Figs. 5.8 to 5.10. Corresponding p lots o f log y against log 
(heating rate) are given in Figs. 5.11 to 5.13. From these plots the values 
o f the constants in the equation:
dy/dt = K exp(-Q/RT) /  Tyn
can be determined (see previous discussion in Chapter 4).
50 hours m illin g  
n = 0.56
Q = 398 kJmol-1 (95.4 kCalmol-1 )
K = 1.0 x 105 s' 1
100 hours m illin g  
n = 0.86
Q = 458 kJmol-1 (109.6 kCalmol"1)
K = 2.5 x 108 s "1)
Af te r  hydrogen treatment
n = 0.04 to -0.22
Q = 585 kJmol”1 (140 kCalmol-1 )
K = 8.3 x 1014 s' 1
Fig. b.6 : Density v. log (time) fo r various dQ
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Fig. 5 .7 : 'Kuczynski' P lot fo r  Isothermal Densification
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Fig. S.8; In (y /i/f)  v. I/T  fo r  50 hour m illed powder a t various
heating rates
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Fig. 5 .9 : In (y /* /T ) v. I/T  fo r  100 hour m ined powder a t various
heating rates
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Fig. 5.10: Ln (y/VT) v. I/T  after H9-treatment
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Fig. 5.11: log (shrinkage) v. log (heating rate) fo r  50 h m illed powder
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These values are averages o f those obtained from the ind iv idua l p lo ts , 
which are shown on the figures themselves. In the case o f the non-treated 
samples only values o f the fra c tio n a l shrinkage below 3 % were used, fo r  
the hydrogen-treated samples below 5 %.
In the case o f the p lots o f log y v. log c there is  a considerable amount 
o f sca tte r, p a rtic u la r ly  a t the lower temperatures. I t  is  therefore not 
possible to say whether the re la tionsh ip  is  tru e ly  lin e a r or not. The 
best s tra ig h t lines were determined by least-mean-squares analysis.
5.4. Dorn Method
The Dorn method o f determining the activa tion  energy o f the s in te ring  
process was performed on compacts o f 100-hour m illed powder and hydrogen- 
treated compacts. The apparent ac tiva tion  energy, Q, was calculated from 
the shrinkage rates y-j and y2 before and a fte r  a change in  temperature by 
means o f the expression:
R T. T2 y.
Q =  In (-L)
A T  y2
The shrinkage rates were determined by drawing tangents to the length-time 
p lo t o f the dilatometer output. The results are given in tabular form below.
Sample D48 - 100 h m illed 
T -  1618°C ‘1 "  from potentiometric measurement o f thermocouple emf.
T2 = 1658°C
Shrinkage y at point o f 
temp, change %
*1
X 106 sec
Q
KJmol
0.77 7.91 3.44 629
0.91 2.80 5.41 497
1.13 5.01 2.45 539
1.22 2.01 4.42 594
1.40 3.78 1.94 504
1.47 1.67 3.73 608
1.67 1.44 3.03 565
1.80 3.03 1.27 660
1.85 1.15 2.94 705
3.09 2.24 1.20 468
3.14 1.20 2.26 476
3.24 2.26 0.86 730
3.27 0.86 2.36 761
3.38 2.26 0.93 665
3.41 0.93 2.43 723
3.52 2.24 1.03 584
3.55 1.03 2.29 601
3.91 2.19 0.86 705
3.95 0.86 2.19 705
4.05 2.19 0.86 705
4.08 0.86 2.21 713
Average value of I = 626 kJmol"1 (150 KCalmor1)
H2-treated compacts
Sample D67 T1 = 1588°C; T2 " 1629°C
Shrinkage % 1^
X 10“6 -?sec 1
Q
KJmol
0.20 8.36 26.9 815
1.13 27.7 10.5 714
1.62 11.5 33.7 767
Average Q = 765 KJmol~1 (183 KCalmor1)
Sample D68 T1 = 1548°C; T2 = 1588°C
Shrinkage % 1^
X 10“6 sec '
Q
KJmol
0.66 16.1 5.82 712
1.03 7.45 20.2 701
1.81 19.3 7.10 702
2.19 8.61 22.3 668
3.00 19.3 6.98 714
3.42 7.10 17.0 612
Average Q = 684' KJmol"1 (164 KCal mol"1)
- 1
- 1
Chapter 6
Discussion and Conclusions
6.1. Without hydrogen treatment
The isothermal shrinkage curves obtained fo r  the 100 hour m illed compacts 
show tha t the behaviour can be divided in to  three stages:
1) 70-75 % density: a period of reducing densifica tion  rate
2) 75-85 % density: a period o f constant densifica tion  rate
3) 85 % density: a period of reducing densifica tion  ra te .
The tra n s itio n  from stage 1 to stage 2 behaviour corresponds well w ith the
tra n s itio n  from in i t ia l  stage to intermediate stage structure described in
6.1. The change in  behaviour a t about 85 % density corresponds roughly w ith 
the disappearance o f rePorted i n Ch. 5.1.
6.1.1. In i t ia l  Stage
Comparison of Results with Johnson's theory and Ashby diagram:
F irs t the in i t ia l  stage k ine tics  fo r  the 100 hour m illed compacts w i l l  be 
discussed; these formed the core o f th is  investiga tion . The constant-rate- 
o f heating experiments indicate tha t the shrinkage rate up to 3 % shrinkage 
(extending s lig h t ly  in to  the intermediate stage) can be described by:
Johnson's model fo r  the in i t ia l  stage o f s in te ring  by a volume d iffu s io n  
mechanism predicts tha t /14/
dy = 2.5x10 
d t T
,8 exp(-458 kJ/RT) (6. 1.)
Taking Matzke and Bradbury’s values fo r  the volume d iffu s io n  o f plutonium 
in  a mixed carbonitride /159/  above 1400°C o f 1.5xlC f5 exp(-439kd/RT)m2s“1 
the mean value o f the powder p a rtic le  diameter as measured by scanning 
electron microscopy o f 2.5 jum, and values o f the other constants as given 
below* we fin d
dy _ 3 . 2 . X 1 0 7  1 Q3 exp(-439kJ/RT) 
d t T ^
Although the value o f the pre-exponential constant here is  a fa c to r o f 8
too small, considering the uncertainty in  the values o f DQV and X ,  and
the importance of the exponential term (a difference o f 30 kJ mol"1 would
give a s im ila r e rror in  dy ), th is  can be considered good agreement.
dt
However, to a certa in  extent th is  agreement must be fo rtu ito u s  as the 
Johnson model refers to a regular compact o f equisized spheres. As E xner/5 /, 
/ 6/  has shown, in  irre g u la r compacts, even o f spherical p a rtic le s , p a rtic le  
rearrangement hinders the formation o f some in te rp a rtic le  necks 
w h ils t encouraging others. The SEM taken at 0.25 % shrinkage shows th a t, 
while a few quite large necks have formed, most pa rtic les  show no sign o f 
neck formation, demonstrating tha t such a phenomenon occurs here.
I t  must be assumed tha t the average behaviour o f the in te rp a r t ic le  necks 
approaches tha t o f the "idea l" neck between two spherical pa rtic les  on which 
the quoted theoretica l model is  based.
In view of th is  agreement i t  is  surpris ing tha t in  the Ashby diagram 
computed fo r  UC (p l6) , no Volume d iffus ion  f ie ld  appears, dens ifica tion  
by a grain boundary mechanism is  predicted. This, however, would require 
an 1n' value of around 2 and an ac tiva tion  energy around 300 kJ (see 
Ch. 3.5) which cannot be correlated w ith any o f the resu lts  reported 
here. I t  must be concluded tha t the grain boundary d iffu s io n  data used 
in  constructing the diagram considerably over-estimates i t s  s ign ificance .
*  k  =  1 . 3 8  x 1 0 " 2 3 J . K _ 1
= .725J.M” 2 (value fo r  UC/204/)
= 0.30x10” 28m (from la t t ic e  parameter)
D iffe ring  ' n1 value determined in  isothermal experiments:
The n-value determined from the isothermal experiments (1.33) is  unfortunately 
in  disagreement w ith the CRH results  (0.88). This is  unexpected since, so 
long as the s in te ring  rate can be expressed as:
= J i d L  (6  2)dt n
the values determined from the two methods should be id e n tica l.
Equation 6.2. implies tha t the ra te  o f shrinkage depends only upon the tempe­
rature and the instantaneous amount o f shrinkage, and is  independent o f 
the thermal h is to ry  o f the smaple. This w i l l  not be true i f  a mechanism 
such as surface d iffu s io n , having a d iffe re n t temperature dependence to 
the shrinkage mechanism, contributes to neck growth w ithout i t s e l f  causing 
shrinkage, thus reducing the d riv ing  force fo r  shrinkage. To quantify the 
influence o f surface d iffu s io n  on the experimental V  values determined 
by isothermal and CRH methods is  d i f f ic u l t ,  because expressions fo r  the rate 
o f s in te ring  by several mechanisms are not usually in tegrable. A q u a lita tiv e  
discussion must therefore su ffice .
Having a lower ac tiva tion  energy than volume or grain boundary d iffu s io n , 
surface d iffu s io n  w il l  be o f greatest re la tiv e  importance a t lower temperatures. 
Hence the greatest reduction o f observed shrinkage w il l  be where low heating 
rates are employed. Thus the influence should be smallest fo r  isothermal 
experiments, and a consideration o f the p lo t o f log y v. log c used to 
determine n in  the CRH method, shows tha t the value o f n determined in  the 
CRH method should be higher - the opposite o f tha t observed.
However surface d iffu s io n  has a higher time exponent than the shrinkage producing 
mechanisms, so tha t i ts  influence should be greater a t low shrinkage values i .e .  
a t high heating rates. This should decrease the observed value o f n.
I t  is  therefore clear tha t, w ithout a precise quan tita tive  model, i t  must 
be assumed tha t surface d iffu s io n  can e ith e r ra ise or lower the value o f n 
determined by the CRH method.
I f  equation 6.2. applies, then the difference between the values o f n 
determined by the two methods can only be explained by experimental e rro r.
In the case of the isothermal method a fa s t heating rate is  essential i f
the in i t ia l  stage is  to be studied. However the use o f high heating rates
is  l ik e ly  to influence the accuracy o f measurement, as the measuring system 
w il l  take time to a tta in  thermal equ ilib rium , resu lting  in  spurious 
length changes.
This source o f inaccuracy applies to a considerably smaller extent to the CRH
method, where heating rates are lower. I t  must be concluded then, tha t the
isothermal method is  more susceptible to experimental error,which was the 
reason fo r  the adoption o f the CRH method.
F in a lly  i t  should be noted tha t the experimental value measured is  in  both 
cases n+1, so that the discrepency is  between values o f 1.88 and 2.33 
rather than 0.88 and 1.33.
Activation energy determined by Dorn method:
A fu rth e r discrepancy arises when the results o f the Dorn experiments are 
considered, giving an average value of 200 KJ mol"1 higher than the CRH method 
fo r the phenomenological ac tiva tion  energy.
I t  is f i r s t  necessary to consider the p o s s ib ility  o f experimental e rro r.
The resu lts  depend on two measurements - tha t o f the shrinkage ra te  and that 
o f the temperature. The temperature was measured by means o f a thermocouple 
close to  the specimen. Since th is  has a lower thermal capacity than the 
specimen i t  w i l l  respond more rap id ly  to  changes in the temperature o f the 
furnace elements than the sample. Hence the change in  temperature o f the 
specimen w il l  tend to be overestimated, which w i l l  re su lt in  values o f the 
phenomelologfcal ac tiva tion  energy which are too low. C learly the explanation 
cannot l ie  here. The shrinkage rate is  determinable w ith less precision due to 
the uncertainty of measuring the slope o f the d ila ta tio n  curve. This is  
re flected  in  the large sca tte r in  the resu lts . However, the errors in  the 
slope measurement should be random; even i f  not, the fa c t tha t both upward 
and downward temperature changes were used should cause even systematic errors 
to cancel 4 iic (, a(tUoO}t^ d if fe re n c e  cov(t t  j o t f  cut ' K i *
oj- $faf-i$h'caL versa N on  o f  f-k*c p  sab*
I f  (out .
Ruling out, then, experimental e rro r as the cause of the high values 
o f the apparent ac tiva tion  energy i t  is necessary to consider other reasons 
fo r the observed temperature dependence of the s in te ring  process to d if fe r  
from tha t o f the ra te -co n tro llin g  matter transport mechanism ( i t  being 
assumed tha t there is  no matter transport mechanism with a higher ac tiva tion  
energy than volume d iffu s io n ). There are two p o s s ib ilit ie s :
1) Another ra te -co n tro llin g  fac to r is  temperature-dependent
2) Processes other than volume d iffu s io n  influence the shrinkage rate.
Considering p o s s ib ility  (1 ), the rate o f s in te ring  w il l  be contro lled by 
the chemical potentia l gradients w ith in  the compact and the geometric 
factors re la ting  the flow o f atoms from grain boundary to pore (or neck 
surface) to the shrinkage o f the compact. These factors w i l l  depend upon 
the in te rfa c ia l energies and the compact m icrostructure (radius o f curvature 
of pore surfaces, grain sizes e tc ). Unless phase changes occur the in te rfa c ia l 
energies are un like ly  to be strongly temperature dependent. Any changes 
in  the m icrostructure w i l l  be irre ve rs ib le  and tend to reduce the chemiaal 
potential gradients and hence the rate of s in te ring . I f ,  fo r  example, the 
grain size increases during a positive  temperature change, the s in te ring  rate 
measured a t the higher temperature w il l  be reduced and hence the apparent 
ac tiva tion  energy w i l l  be lowered. The reverse w i l l  be true fo r a negative 
temperature change, so tha t the errors w i l l  tend to cancel. However 
grain growth is  more l ik e ly  to occur during a rise  in  temperature (being 
a thermally activated process) so tha t the net influence on a series o f Dorn 
measurements w il l  be a lowering o f the observed value.
I t  is  worth noting th a t, in  the case o f other methods o f determining the 
ac tiva tion  energy o f s in te ring  which compare the s in te ring  rates o f a series 
o f samples (CRH method, isothermal method) qu ite  d iffe re n t structures may 
evolve during d iffe re n t thermal treatments, and tha t the ac tiva tio n  energies 
determined may be higher or lower than tha t o f the matter transport mechanism 
(e.g. Coleman and Beere ///^ / fin d  a high ac tiva tion  energy fo r  UO2 s in te r in g ).
In Appendix 1 i t  is  shown what e ffe c t the simultaneous operation o f two or 
more processes influencing the shrinkage ra te  w il l  have upon the apparent 
ac tiva tion  energy. So long as the processes work in  the same d ire c tio n  (e .g . 
s in te ring  by volume and grain boundary d iffu s io n ) the apparent a c tiva tion  energy
w il l  l ie  between the values of the two mechanisms. The observed high Q value 
could possibly arise when a second mechanism operates which, acting alone, 
w i l l  cause swelling o f the compact. One p o s s ib ility  is  p a rtic le  re-arrangement 
which reduces the expected shrinkage during the in i t ia l  stages by reducing 
the number o f in te rp a rtic le  necks which form. However th is  is  not a p a r t i­
cu la rly  su itab le  candidate as, f i r s t l y ,  i t  can only operate a t the beginning 
o f s in te ring , whereas the high a c tiva tion  energy is  observed beyond the 
in i t ia l  stage; secondly, p a rtic le  re-arrangement being due to the formation 
o f assymetric necks, and the interaction o f neighbouring necks, i t  is  un like ly  
to e xh ib it a d if fe re n t ac tiva tion  energy to the s in te ring  process.
A second p o s s ib ility  is  swelling due to gas pressure w ith in  the pores. However, 
not only is  the m ajority o f the porosity open during the in i t ia l  and 
intermediate stages, but a lso, as shown in  Appendix 2, the gas pressure 
required to influence the shrinkage rate s ig n if ic a n tly  is  much higher than 
the l ik e ly  pressures o f ^ ,0 0  e tc. w ith in  the sample.
Lastly , any such influence on the apparent ac tiva tion  energy determined by the 
Dorn method should also be observed in  the CRH re su lts . I t  must therefore 
be concluded tha t the observed temperature dependence o f s in te ring  occurs 
as a re s u lt o f the temperature dependence o f the matter transport mechanism 
i t s e l f ,  which is ,  considering the CRH re su lts , h ighly l ik e ly  to be volume 
d iffu s io n .
Explanation of results  considering anomalous d iffu s io n  behaviour:
To see how th is  can be possible, i t  is  necessary to look more closely a t 
d iffu s io n  phenomena in carbonitrides . The investigations o f Matzke and 
Bradbury /130/ show in several cases a d iscon tinu ity  in  the Arrhenius p lo t 
o f d iffu s ion  co e ffic ie n t vs. inverse temperature as shown in f ig .  6 . 1.
The materials had n itr id e  proportions between 12 and 24 mol % and the 
d iscon tinu ities  were between 1420 °C and 1520 °C. Other s im ila r materials 
showed no d iscon tinu ity  but, where observed, i t  was reproducible. Such as 
d iscon tinu ity  can only re su lt from a change o f structure on an atomic 
scale such as a phase change, but no change o f phase in  th is  range o f 
temperature has been reported and the phenomenon has not ye t been explained.
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Fig. 6.1: Pu D iffusion in  a hyperstoichiometric carbonitride
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The data points ava ilab le , however, permit two in te rp re ta tions , as f ig .
6.1 shows. The a lte rna tive  form, exh ib iting  a peak has been observed 
in hyperstoichoimetric UC at higher temperatures and is  a ttribu ted  by 
the authors to the phase change between UC2 and U2C3 occurring at 
around 1800°C. The phenomena was f i r s t  noted and explained in the case 
of PbSiC^ by R. Lindner /1 50/. Although the amounts o f higher carbides in 
the UC were in s u ff ic ie n t to have a s ig n if ic a n t influence on the observed 
rates o f d iffu s io n , while the phase change is  taking place the rate of 
d iffu s io n  is  considerably enhanced. Samples annealed very close to  the 
temperature o f the phase change may undergo repeated changes o f s tructure 
caused by s lig h t fluc tua tions in  temperature.
A s ig n if ic a n t aspect o f the phenomena is  tha t i t  can cause a time dependence 
Of d iffu s io n  rate as the phase change may not occur immediately. In the case 
of carbonitrides the observed rate o f d iffu s io n  has been observed to acce­
le ra te  and then decrease as a function o f time, near the c r i t ic a l 
temperature.
Such a phenomenon is  capable of explaining the difference between the a c t i­
vation energies measured by the CRH and Dorn methods. With the CRH method, 
on heating through the c r i t ic a l temperature, the e ffe c t on the s in te ring  
rate w i l l  not be noticed as a peak, because o f the time-dependence o f the 
e ffe c t. The enhanced d iffu s io n  w i l l  be noticeable as a somewhat higher s in te ring  
rate over a range o f temperature. Hence the temperature dependence o f s in te ring  
rate observed w il l  fo llow  the high temperature part o f f i g . 6 . 1. and the apparent 
ac tiva tion  energy w i l l  correspond to tha t given by Matzke and Bradbury 
which again refers to f i g . 6 , 1.
However* once over the c r i t ic a l temperature, th is  enhancement o f s in te ring  
rates w il l  only occur once. Hence, when performing isothermal experiments 
i t  w il l  be observed as an in i t ia l  high s in te ring  ra te , decreasing fas te r 
than the geometry alone requires. This is  equivalent to a higher value o f "n". 
When cycling the temperature as in  the Dorn experiments, the temperature 
dependence o f s in te ring  rate w i l l  be according to f i g . 6 .2. When comparing 
the rates d ire c tly  before and a fte r a temperature charge, any enhancement
due to the unknown "s truc tu ra l change" w il l  be the same fo r  both tempe­
ratures and thus have l i t t l e  e ffe c t on the determined ac tiva tion  energy..
Thus a higher ac tiva tion  energy w il l  be measured.
As ye t, no d e fin ite  explanation has been found fo r  the anomalous d iffu s io n  
behaviour observed in  th is  case. However, as the chemical analyses and 
X-ray d iffractom etry show, in  the s in te ring  experiments during the in i t ia l  
stages there is  a ce rta in  amount o f sesquicarbide present, a t least a t room 
temperature (the samples were cooled quite rap id ly  from the s in te ring  
temperature so i t  is  l ik e ly  tha t the phases present a t temperature were 
quenched in ) .  This is  c le a rly  formed a t temperatures below those a t which 
observable shrinkage occurs from the reaction o f carbon remaining from the 
decomposition o f the binder with the ( in i t ia l l y  single phased) carbonitride. 
During s in te ring  the amount o f present decreases, together w ith the 
amount o f oxygen, so tha t th is  is  c lea rly  due to a reaction o f dissolved 
oxygen w ith carbon in  the M2C3 evolving CO. (Large batches o f carbides 
and n itr id es  evolve measurable quantities o f CO a t these temperatures). I t  
is  possible that the enhancement o f d iffu s io n  is  e ithe r connected with 
th is  reaction, or with the presence o f M2Cg (crossing o f the s o lu b il ity  
l im i t  o f carbon in  M(C,N).
50-hour m illed  specimens
Here the number o f experiments performed was considerably smaller. There 
were no Dorn experiments performed. The isothermal curve a t 1740°C suggests 
s im ila r behaviour to the 100 hour specimens w ith a period o f reducing shrinkage 
ra te . However the in i t ia l  part o f the shrinkage curve (as does an experiment 
a t 1695°C) gives a value o f "n" o f around 2.
The CRH data also e xh ib it d ifferences. Whereas the slopes o f the ln(y/VT) 
plots are s im ila r to those fo r  100 h specimens, the value o f "n" determined 
is  much lower, g iving an apparent ac tiva tion  energy o f 398 KJ mol” 1.
The discrepancy between the values o f "n" determined by the isothermal and 
CRH techniques is  also much greater. This is  probably due to the fa c t tha t 
the fra c tio n a l shrinkages measured fo r  the 50 h specimens are considerably 
lower than those fo r  the 100 h specimens. In order to construct the p lo t
o f log y v. log C i t  was necessary to use shrinkage data a t the l im it  o f 
accuracy of the dilatom eter. In view o f th is  i t  is  considered tha t the 
p o s s ib ility  o f experimental e rro r is  too great to ju s t i fy  fu rth e r 
discussion o f these resu lts .
6.1.2. Intermediate Stage Behaviour
The lin e a r increase o f density w ith time which is  observed in  the range 
75 % to 85 % density is  unusual. The most commonly reported behaviour in  
the intermediate stage is  a logarithm ic increase in  density w ith  time /  2 /  
/  5 / ,  which is  most simply described by Cobles semi-empirical model /24 /
which was discussed in  the lite ra tu re  survey. F ig .5.2.3. shows c le a rly  th a t, 
even w ith much larger values o f t ‘ than are ju s t if ie d  to account fo r  the 
in i t ia l  grain s ize , the model is  o f no use in  explaining these resu lts .
In the derivation  o f 6.3. i t  is assumed tha t grain growth proceeds proportional to 
the cube root o f time. I f ,  instead, the grain size were to remain constant, 
i t  is  read ily  shown tha t the observed lin e a r density increase w i l l  be 
observed since, a fte r  Coble:
P -  Po = K In (—  
to
6 . 3
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However the grain growth observed in  the SEMs is  too great fo r  th is  to be 
plausible explanation, an 8- fo ld  decrease in  s in te ring  rate would in  fa c t 
be expected.
I t  is  therefore necessary to consider, w ithout the aid o f a spec ific  model, 
what factors w i l l  influence the rate o f dens ifica tion  by d iffu s io n  mechanisms 
in  the intermediate stage. These are:
a) the chemical potentia l gradients between pores and grain boundaries
b) the d iffu s io n  coe ffic ien ts
c) the cross-sectional area available fo r  d iffu s io n  per u n it pore volume
As s in te ring  proceeds the chemical potentia l gradients (determined by the grain 
size, pore surface curvature and surface energy) must decrease since the pore 
diameters and grain size are observed to increase. The cross-sectional 
area fo r d iffu s io n  per u n it pore volume can only increase i f  the pores 
become smaller in  diameter ( i .e .  there is  no pore coalescence), which is  
the opposite to tha t observed. I t  must therefore be concluded tha t the 
e ffe c tive  d iffu s io n  c o e ffic ie n t o f the material increases during dens ifica tion  
in  order to maintain a constant shrinkage ra te .
This correlates well w ith the anomalous d iffu s io n  behaviour which accounted 
fo r  the d ifference between Dorn and CRH a c tiva tion  energies in  the in i t ia l  
stage. The reported time-dependence o f d iffu s io n  rates should re su lt in  
the reported s in te ring  behaviour. A stra ightforward change in  d iffu s io n  
coe ffic ien ts  due to compositional changes seems un like ly  as the Dorn ac tiva tion  
energy remains constant throughout the s in te ring  process.
A connection between the anomalous d iffu s io n  behaviour and the presence 
o f in  the sample seems l ik e ly  as the end o f the lin e a r dens ifica tion
behaviour corresponds approximately w ith the f in a l disappearance o f
Stage 3 behaviour
The densifica tion  above 85 % density s t i l l  belongs to the intermediate stage 
( " f in a l stage" s in te ring  w ith mainly closed pores begins fo r  nearly a l l  
materials a t around 92 %), but is treated here as a separate stage due to  
the d iffe re n t k ine tics observed.
The amount o f data obtained fo r  th is  stage is  lim ite d , except a t 1695°C, 
a t which temperature a number o f compacts were sintered fo r  up to 17 hours 
fo llow ing CRH investigations o f the in i t ia l  stage.
Fig.5.6shows tha t here again, the Coble equation cannot be applied to the 
shrinkage behaviour. This is to be expected i f  grain growth does not 
fo llow  the common cubic law.
Kuczynski /37 /  has recently developed a model fo r  the intermediate and f in a l 
stages o f s in te rin g , in  which the c y lin d rica l or spherical porosity is  
considered to have a s ta t is t ic a l d is tr ib u tio n  o f diameters. The grain size 
a t any point is  related to the pore size and d is tr ib u tio n  by the Zener 
re la tio n . This avoids the assumption o f the empirical grain growth law which 
e ffe c tiv e ly  determines the re su lt o f Coble'^ ca lcu la tions. Unlike Cobles' equation 
Kuczynksi's does not p red ic t the shrinkage ra te  as a function o f the material 
constants, but does pred ict a porosity time relationship o f the form:
i  -  I  = k Po2~n 4  t
Pn Po ^
where n depends upon the mechanisms o f matter transport, p is a function 
of the o rig in a l porosity d is tr ib u tio n  and K a constant containing the rate 
co n tro lling  physical parameters. F ig .5.7 . shows tha t the shrinkage behaviour 
a t 1695°C is  a good f i t  to th is  equation w ith n= 1.8.
Only one sample was sintered a t 1600 C to higher than 85 % density. The data
also f i t  well to Kuczynski l.£ equation w ith n=1.8.
In order to determine the dens ifica tion  behaviour a t considerably lower tempe­
ratures, a sample which had already been sintered to 84.5 % a t 1700°C was studidd 
isothermally a t 1455°C. A fte r 60 hours an increase o f density a t 1.8 % was noted.
The dilatometer curve showed the unexpected behaviour o f a shrinkage ra te
increasing w ith time. As the (long-term s ta b i l i ty  o f the dilatometer is  not 
known,not too much weight should be put upon th is  re s u lt,  however i t  is  o f 
s ign ificance tha t the high temperature behaviour is  not necessarily reproduced.
6.2. A fte r hydrogen treatment
The s in te ring  k ine tics o f the samples treated w ith hydrogen d if fe r  from 
those o f untreated samples as fo llow s:
1) The in i t ia l  stage o f decreasing s in te ring  rate is  absent, the rate 
o f shrinkage being p ra c tica lly  constant up to 87 % density (about 
6 % lin e a r shrinkage).
2) The rates o f shrinkage are considerably higher (a t 1 % shrinkage 
and 1600°C by a fa c to r o f about 20).
3) The apparent ac tiva tion  energy is  higher, and the values determined 
by Dorn and CRH methods d i j f * *  .
The various analyses performed show the fo llow ing s ig n ific a n t d ifferences:
1) Instead o f M2C3 appearing during s in te ring , M02 is  found.
2) The s truc tu ra l development revealed by SEM is  d iffe re n t.
3) "Dense" samples show a higher oxygen content.
The absence o f an in i t ia l  decrease in s in te ring  rate is  probably connected 
with the unusual structure o f the specimen d ire c tly  a fte r  the hydrogen 
treatment, as shown by SEM (F ig .5.2). The surfaces o f the pa rtic les  are 
not a t a l l  smooth (as seen during the p a rtic le  size ana lys is), although i t  
is  d i f f ic u l t  to say whether the p a rtic le  surfaces are themselves rough, or 
i f  f in e r  pa rtic les  (perhaps the oxide) are dispersed between the o rig in a l 
ones. In e ith e r case th is  should encourage early growth o f necks by surface 
d iffu s io n , possibly before any shrinkage is  observed. (Surface d iffu s io n  
increases i ts  re la tive  importance as p a rtic le  sizes become smaller / 4/ . )
I f  thus neck growth can proceed u n til an intermediate stage structure is  
formed, without shrinkage having taken place, then the subsequent constant 
shrinkage rate is  explicable i f  one considers the s tructu ra l development 
shown in the other electron micrographs. These show th a t, a t least up to 
2.4 % lin e a r shrinkage (78.4 % dens ity ), no grain growth occurs. This is  
seen best in the 2100X micrographs. According to Coble /18 / the densifica ­
tion  rate in  the intermediate stage is  given by:
dP/dt = -720 Dy/kTG3 (G = grain diameter)
Rosolowski and Greskowitch /1 5/ give a s im ila r expression.
I t  is  clear th a t, i f  the grain size remains constant and the structure 
appropriate to the Coble model is  retained, i .e .  a l l  the pores are 
situated on grain boundaries, tha t the rate o f densifica tion  and'of lin ea r 
shrinkage w il l  be constant.
The question remains: why do grain growth and pore coalescence not occur 
in  th is  case? The answer must l ie  w ith the observed oxide. As th is  must 
f i r s t  be formed ori the p a rtic le  surfaces i t  w i l l ,  a fte r  neck formation, be 
found on the grain boundaries. I t  seems reasonable tha t the movement o f the 
grain boundaries is  hindered by the oxide thus preventing grain growth. The 
slowing down o f the densifica tion  rate would then correspond w ith the 
disappearance o f the oxide.
Since the oxide c le a rly  plays an important ro le  in determining the s in te r­
ing k in e tics , the question arises as to how i t  was formed, when not observed 
in the m illed powder. The fo llow ing explanation is  therefore suggested.
During ba llm illing ; a certa in  amount o f oxygen pick-up always occurs so tha t 
the to ta l oxygen content o f the powder rises from around 0.1 % to 0.3 %.
Since the temperature during b a llm illin g  is  only about 50°C d iffu s io n  in to  
the pa rtic les  must, be very lim ite d , so tha t i t  is  probably tha t the oxygen 
is  merely chemisorbed Onto the powder surface without forming an oxycarbo- 
n itr id e  or an oxide. Without the hydrogen treatment the carbon remaining 
from the decomposition o f the stearic  acid binder would, a t s in te ring  
temperatures, react w ith th is  oxygen to form CO, as observed. However, the 
hydrogen treatment removes carbon by forming CH^  /149/, so th a t th is  reaction 
can no longer take place. An oxide can then be formed. The overa ll reaction 
taking place is :
M ( C q  8 ,Nq 2 )  +  2 x H 2  +  x02 —>  x M 0 2  +  ( 1 - x ) M ( C q  8 ,Nq 2) + 0.8xCH4 + 0.1xN2
"During s in te rin g , when the hydrogen is  no longer present, the oxide reacts 
w ith the carbonitride to form an oxycarbonitride:
M^C0 . 8 #N0.2^ + xM02 ( 1+x ) M( Cq , 8 * ^ ( 0 . 2 - x ) *  ^ + 0 ,5 N 2
Unanswered remains now the question o f the high apparent ac tiva tion  energy. 
Since the CRH and Dorn methods both gave the same value, then the anomalous 
d iffu s io n  behaviour which explained the results fo r  the untreated samples 
has c le a rly  been changes. However, no d iffu s io n  data is  available fo r  
carbonitrides in the presence o f oxide - i t  being only certa in  tha t the 
d iffus ion  coe ffic ien ts  fo r  plutonium in hypostoichiometric oxides are about 
two orders o f magnitude below those in carbonitrides /151/ a t temperatures 
around 1600°C, and tha t d iffu s io n  through the oxide is  therefore not l ik e ly  
to be important. This question is  therefore le f t  open pending more informa­
tion  on d iffu s io n  behaviour.
6.3. Summary and Conclusions
6.3.1. In i t ia l  Stage S intering
Since the CRH measurements agree w ith Johnson's equation fo r  a volume d iffus ion  
mechanism, i t  is  concluded tha t th is  mechanism is  dominant. A small deviation 
from the theoretica l values fo r  the constants could be explained by a contribution 
of surface d iffu s io n  to the e a r lie s t stages o f neck growth, as predicted by the 
Ashby diagram. The higher activa tion  energies determined by the Dorn method are 
possibly dote to experimental error or the simultaneous operation o f several 
mechanisms but ait ItHer explained by a; p e cu lia rity  in  the s e lf-d iffu s io n  behaviour 
o f carbonitrides reported by other workers. /
6.3.2. Intermediate and Final Stage
The high apparent ac tiva tion  energies determined ru le  out a l l  mechanisms other 
than volume d iffu s io n . A period o f constant isothermal s in te ring  rate is  
explicable i f  the time-dependence of the anomalous d iffu s io n  behaviour is  
considered. Subsequent behaviour does not corre late with the much-used Coble 
equation fo r  intermediate stage s in te rin g , but is  consistent w ith a s ta t is t ic a l 
model recently developed by Kuczynski.
6.3.3. Influence o f hydrogen treatment
A treatment of pressed compacts under hydrogen p r io r to s in te rin g , which 
removes carbon, greatly  accelerates the s in te ring  process and a lte rs  the s in ­
te ring  Kinetics.The observed ac tiva tion  energies are higher and the results 
of CRH and Dorn methods agree. I t  is  suggested the presence o f oxide on the 
p a rtic le  surfaces encourages surface d iffu s io n  and hence the intermediate stage 
structure is  reached without appreciable shrinkage. Subsequent intermediate 
stage s in te ring  is  rapid as grain growth is  hindered by the presence o f oxide 
in  the grain boundaries, which la te r dissolves in the carbon itride . Ho completely 
sa tis fac to ry  explanation fo r  the high activa tion  energies can be offered.
Appendix 1: E ffect o f Additional Mechanisms on the Value o f Q Determined
by the Dorn Method
I f  two thermally activated mechanisms, A and B, which, acting alone, give
shrinkage rates y^ and yB, both contribute to the shrinkage process, then
the ra tio  o f the shrinkage rates a t two temperatures, and Tg, w i l l  be:
yA1 * yB1 ? J
hz + hi
Letting be >  T2 and the activaction  energy fo r  mechanism A higher than
tha t fo r  B i t  follows tha t
>  ^51 (7.2) and yfl1 >  yA2, yB1 >  yB2
yA2 yB2
yA1 yB2 ^  yB1 yA2 7,3
yA1 yA2 + yA1 yB2 ^  yA1 yA2 + yB1 yA2 7,4
yA1 (yA2 + yB2^  >  yA2 ^yA1 + y B1^  7,5
yA1 yA1 + yB1 7 6
yA2 yA2 + yB2
yA1 + yB1 v yB1s im ila r ly : -— -£LL >  _ ° i 7 . 7
yA2 + yB2 yB2
Since the higher the value o f the ra t io ,  the higher the apparent a c tiva tion  
energy, i t  is  c lear tha t the apparent ac tiva tion  energy determined when two 
mechanisms operate simultaneously w i l l  l ie  between two true values.
Conversely, when mechanism B is  a process causing swelling o f the compact, 
then the ra tio  is  given by:
yA1 ~ yB1 
yA2 '  yB2
From 7.3 we have:
'  yA1 yB2 <  '  yB1 yA2 
yA1 yA2 " yA1 y B2 ^  yA1
henCe -?1
•  •  •
yA2 yA2 " yB2
7.8
•  •  •
yA2 " yB1 yA2
Hence the apparent ac tiva tion  energy is  higher than tha t fo r  mechanism A 
operating alone, so long as >  Qg.
Appendix 2: The Influence o f Gas Pressure w ith in  Closed Pores on the
Driving Force fo r  Sintering
The e ffe c tive  negative pressure due to the surface tension in  a cy lin d rica l 
pore is  given by the expression
where V^is the surface tension and r  the pore radius. The la rgest pores 
v is ib le  in the micrographs (5.1) are 1 pm diameter so th a t, taking the 
surface tension as 0.72 Nm /133/ we have
- P = 0.36 x 106 Nm"2
which is  approximately 3.5 atmospheres or 2700 Torr.
The precise value o f the in terna l gas pressure is  d i f f ic u l t  to estimate, 
in  p a rticu la r as equilibrium  pressures w il l  not necessarily p re va il, how­
ever the CO pressure is  not l ik e ly  to exceed about 25 Torr (equ ilib rium  
pressure over U02-C mixture a t 1560°C) /1 07/ and the nitrogen pressure
_p
10 atmospheres (equilibrium  pressure over U (Cq g NQ ^ ) /9 6 /) a t 
1700°C, which are two orders of magnitude lower than the pressure due to 
surface tension.
Appendix 3: Significance o f the results to in -p ile  densifica tion
Although the princ ipa l aim o f th is  p ro ject was the quan tita tive  description 
o f the s in te ring  process during carbonitride fuel fab rica tion  and the in ­
fluence o f the hydrogen treatment on s in te ring , the results  obtained at 
higher densities are in te resting  fo r  the prediction o f in -p ile  fue l behaviour.
A serious problem with helium-bonded carbide and n itr id e  type fue ls is  
the varia tion  o f the fuel-cladding gap during ir ra d ia tio n . Before swelling 
o f the fuel due to the build-up o f fis s io n  gas sets in , a certa in  amoung 
of densifica tion  o f the fuel occurs, a continuation o f the s in te ring  
process, increasing the fuel-cladding gap. The temperature o f the fue l is  
dependent upon th is  gap and as the swelling process is  temperature dependent 
i t  can be seen tha t a knowledge of the densifica tion  process is  essential 
to the prediction o f fuel behaviour.
In -p ile  densifica tion  w il l  be accelerated by the presence o f rad ia tion - 
induced defects, but, since in -p ile  experiments are d i f f ic u l t  and co s tly , 
knowledge o f the o u t-o f-p ile  behaviour is  also valuable, p a rtic u la r ly  i f  
the mechanism o f the process can be determined.
Apart from the one experiment performed a t 1450°C, a l l  the relevant densifica ­
tion  data refers to considerably higher temperatures than are encountered 
in -p ile .  However, due to  the aforementioned acceleration o f the process in  
p ile ,  these data are probably quite relevant.
From the ra tio  o f the observed shrinkage rates (a t 85 % density) a t
1695°C and 1455°C a phenomenological ac tiva tion  energy o f 495 kJ mol’ ^
—1(118 kCal mol ) can be calculated. Assuming tha t the time dependence o f 
the densifica tion  process is  the same over the whole o f th is  temperature 
range, one obtains an empirical expression fo r  isothermal densifica tion  
above 85 % density:
p r n r p T S  = K e*P (-«5  kO/RT) 
o
where K = 8.0 x 10^4.
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